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Abstract
Characterisation of the ultra-short optical pulses produced by infrared ffee-electron lasers 
(FELs) is an important task, not only for the further development of free electron lasers and their 
theory, but also for their operation as a research tool. The setting up and optimisation of the FEL 
requires effective and reliable diagnostics tools. This thesis presents techniques for the measurement of 
sub-picosecond optical and electron pulses. A range of techniques is developed that allows 
measurements of the electric field of both optical pulses and electron bunches to be made with an 
accuracy of better than 100 fs. These techniques have been used to obtain the first complete electric- 
field characterisation of ultra-short pulses from a far-infrared FEL; to study the formation of single­
sided exponential optical pulses in two FELs; and to obtain the longitudinal profile of electron bunches, 
both by probing the near-field transition radiation and by directly sensing the Coulomb field of the 
electron bunches.
Although the techniques described are not truly single-shot - requiring measurements 
averaged over a period of a few microseconds - ways in which they could be extended to provide 
single-shot capability are discussed.
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C h a p t e r  1 G e n e r a l  I n t r o d u c t i o n
1.1 Introduction
The free-electron laser (FEL) is a special member of the laser family, in which coherent radiation is 
produced as a result of oscillation of free electrons, instead of electrons that are bound in atoms, molecules or 
crystal. Madey and his co-workers at Stanford university demonstrated the first operation of a FEL in 1975 [’it2]. 
In the following twenty or so years, FELs have been proved to be valuable and versatile scientific tools, by virtue 
of their continuous and easily tuneable wavelength range, high optical power and short pulses. The first FEL user 
facility in Europe was the Free-Electron Laser for Infra-red experiments, FELIX [3], at Nieuwegein in The 
Netherlands, followed closely by the Collaboration pour un Laser Infrarouge a Orsay, CLIO, at the Universite de 
Paris Sud. User facilities in the USA include the free electron laser at the Jefferson laboratory (JLab) and the 
Stanford Picosecond FEL Centre etc. A comprehensive survey of present facilities is given in references [4] and 
[5]. Appendix 1 summarises these data, showing operational FEL (user) facilities with the wavelength ranges 
accessible at each at the time of writing.
In this chapter, the basic principles of operation of a free-electron laser (FEL) are introduced in sufficient 
depth, in order to serve as a background for understanding the remainder of the thesis. Section 1.2 describes the 
amplification mechanism. Section 1.3 covers the short pulse effects that are very important in FELs operating 
with large slippage. Since the thesis is mainly concerned with results taken at FELIX facility, an FEL that 
operates in the large slippage regime, a brief description of the FELIX facility is presented in section 1.4, 
including the layout and the general performance. The ultra-fast high time-resolution diagnostic o f the 
longitudinal profile of the FEL pulse and electron beam is central to this thesis. An outline of the work covered 
in the remainder of the thesis is given in section 1.5.
1.2 FEL principles
The principle of free-electron laser is based on the interaction between a relativistic electron beam and a 
spatially periodic magnetic field, the so-called undulator. The undulator may comprise an array of permanent 
magnets of alternating polarity -  a planar undulator -  or may, as is frequently the case in a helical undulator, be 
provided by currents in suitably constructed coils. A typical planar undulator configuration is illustrated in
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Figure 1-1. In the undulator, the electrons perform a transverse wiggling motion in one plane due to the Lorentz 
force. The acceleration associated with this motion causes the electrons to emit dipole radiation, which is 
essentially synchrotron radiation. However, the presence of the spatially periodic magnetic field of the undulator 
narrows the broadband spectrum of the radiation significantly. The resonance condition may be expressed in 
terms of the radiation wavelength, Xq , the electron energy, y tn c2, and the undulator parameters as
Equation 1-1
where Xu is the period of the undulator field and K  is a dimensionless parameter proportional to the magnetic 
Field amplitude. Typically K  is of the order of unity and y 1 »  1 for the highly relativistic electron beam. The 
spectrum width of the spontaneous emission is determined by the number N u of the undulator periods: 
A X / X  =  \ /  N u. This spontaneous emission is captured in an optical resonator, and the stored optical field 
induces newly injected electrons to radiate coherently. In this way, high-power laser output is produced.
Figure 1-1 S c h e m a tic  la y o u t  o f  th e  F E L  o s c illa to r .  A  r e la t iv i s t ic  e le c tr o n  b e a m  is  in je c te d  in to  a  s p a t ia l ly  
p e r io d ic  m a g n e tic  f i e l d  p r o d u c e d  in  th e  u n d u la to r . T h e m a g n e tic  f i e l d  f o r c e s  th e  e le c tr o n s  to  p e r fo r m  a  
‘w ig g l in g ’ m o tio n  th a t  c a u s e s  th e  e le c tr o n s  to  r a d ia te .  T h is  r a d ia tio n  is  c a p tu r e d  in  a n  o p t ic a l  c a v i ty  a n d  
a m p lif ie d  o n  s u c c e s s iv e  p a s s e s  th ro u g h  th e  u n d u la to r  in  th e  p r e s e n c e  o f  th e  g a in  m e d iu m  o f  f r e s h ly  in je c te d  
e le c tr o n s  [ 4‘ 6j .
The gain mechanism can be understood by transforming to the rest frame of the electrons [7]. The 
undulator field transforms in this frame into electromagnetic wave propagating towards the electrons, and gives
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rise to a Compton-backscattered wave that appears in the laboratory frame with a Doppler upshift. In the electron 
frame, the scattered wave and the original undulator wave combine to form a standing wave pattern. Enhanced 
stimulated scattering occurs due to the formation of a density grating in the electron distribution under the 
influence of the ponderomotive force associated with this standing wave. Actually the wavelength of the 
resulting radiation is slightly larger than the resonance wavelength given in equation 1-1. In the so-called low- 
gain Compton regime, the gain is proportional to the current of the electron beam. At higher currents the gain 
increases nonlinearly. The latter regime is often attained at relatively low electron energies, corresponding to 
wavelengths in the sub-millimeter region.
As seen from equation 1-1, the wavelength is determined by macroscopic parameters, rather than by 
microscopic properties of the gain medium. This striking difference with other lasers has the consequence that an 
FEL can in principle be operated at any wavelength by a suitable choice of the parameters in equation 1-1. 
Another useful feature of FEL is the high output power that is possible because the electron beam can carry high 
power without dissipating unused energy in the laser cavity.
1.3 Short pulse effects
This section introduces concepts and mechanisms that are particularly important for FELs, such as 
FELIX, that operate with a combination of short electron bunch lengths and long optical wavelengths. FELIX 
was the first FEL to be operated under these conditions and two new modes of operation have been observed as a 
consequence: the so-called limit-cycle regime [8] [9] and the superradiant regime [10].
Most FELs that operate in the infrared part of the spectrum use a RF-linac to provide the electron beam. 
RF-linac produces a pulsed electron beam, consisting of electron bunches with a typical duration of a few 
picoseconds. These bunches are produced at the frequency of the accelerating potential which may typically be 
in the range from 10 MHz to several GHz. Furthermore, few RF-linacs can operate continuously so that the 
electron bunches are produced in bursts lasting for a few tens of microseconds. The resulting optical radiation 
exhibits the same structure: the picosecond-long optical pulses are called m ic r o p u ls e s  and the train of 
micropulses is called a m a c r o p u ls e  (see Figure 1-2). Super-conducting RF-linac can, however, provide an almost 
continuous train of micropulses -  i.e. CW operation.
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M A C R O P U L S E
Figure 1-2 T y p ic a l  t im e  s tr u c tu r e  o f  th e  e le c tr o n  b e a m  p r o v id e d  b y  th e  R F - lin a c  a t  F E L IX . T h e  o p t ic a l  p u ls e  
s tru c tu re  is  b a s ic a l ly  th e  s a m e  a s  th e  e le c tr o n  b e a m  p u ls e  s tru c tu re .
1.3.1 , Slippage
Whether an electron pulse is considered short depends on the scale with which the length is measured. 
The slippage distance L s gives the most important length scale in relation to short-pulse effects. Slippage refers
to the fact that the electrons fall behind the optical field that they generate, because their velocity must be less 
than the speed of light and because the electrons follow an undulating path. The distance that the electrons slip 
behind the radiation is constrained by the resonance condition (Eq. 1-1) to be one radiation wavelength in the 
time taken to traverse one undulator period. In each undulator period the radiation moves ahead of the electrons 
by one radiation wavelength, so that on an undulator of N u periods the slippage length will be given by
Ls = N uX • The phenomenon of slippage has the consequence that each individual electron interacts with a 
portion of the radiation field of length L s ; while each position in the propagating field is in turn influenced by 
electrons in a length L s of the electron beam.
The ratio of the slippage length to the electron bunch length cre - which is the variance associated with 
the longitudinal electron distribution -  is known as the slippage parameter, or longitudinal coupling 
parameterp c =  N uX /o re and is a measure of the importance of short pulse effects. When f i c <  1, a large part of
the optical pulse develops as if the electron beam were continuous. Only at the beginning and end of the optical 
pulse are there regions where electrons and radiation are not in contact for the entire transit through the
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undulator: the front of the optical pulse interacts with electrons only at the beginning of the undulator, before the 
radiation escapes the electrons due to slippage; and the rear of the optical pulse is produced by the electrons at 
the rear of the electron bunch as they near the end of the undulator. As soon as the slippage length becomes 
comparable with the electron bunch length, transient effects at the beginning and end of the pulses can become 
important.
The slippage length is not always the most appropriate parameter to use to characterise short pulse 
effects. For example, in a high-gain single-pass device the radiation field reaches saturation before the end of the 
undulator and therefore the full slippage length is not an appropriate parameter to use. In that case the co­
operation length [n] is an appropriate parameter. In a low-gain oscillator configuration, such as at FELIX, the 
optical pulses are stored in a resonator or cavity formed by mirrors at either end of the undulator, and amplified 
by fresh electron pulses on successive round trips in the cavity. In this case the end effects can accumulate and 
become observable even in cases where the slippage length is considerably less than the bunch length. Co­
operation length is also an important concept when considering the evolution of short, superradiant optical pulses 
in a free-electron laser oscillator [10][12].
1.3.2 Lethargy
The effect of short electron pulses on the gain in successive round trips is illustrated qualitatively in 
Figure 1-3, which shows the relative positions of the electron and optical pulses at the entrance and exit of the 
undulator for three successive round trips. At the top of the figure an electron pulse and an optical pulse are 
shown at the entrance to the undulator. As they pass through the undulator, the optical pulse advances by the 
slippage length relative to the electron pulse and, at the same time experiences gain. Note that the leading part of 
the optical pulse shows relatively little gain because it loses contact with the electrons in the first part of the 
undulator. This effect is not simply due to slippage. In an FEL the gain depends strongly on the position in the 
undulator. In the first part of the undulator, the electrons are bunched under the influence of the radiation field, 
with little contribution to the gain. Towards the end of the undulator, the bunched electrons effectively emit 
radiation, which adds coherently to the stored radiation field in the optical cavity. This position-dependent gain 
results in the optical pulse growing mainly at its trailing edge while its leading edge loses contact with the 
electrons and experiences no gain, thereby reducing the g r o u p  v e lo c i ty  of the optical pulse. The simplified 
description of the effect of slippage given in the previous section is therefore no longer valid. Although the phase
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of velocity of the optical wave still exceeds the electron speed, the envelope of the optical pulse is changed by 
the position-dependent gain regime such that its maximum slips back with respect to the electron pulse.
In the next round trip, shown in the middle part of the figure, the optical pulse at the entrance to the 
undulator is shown with a slightly reduced intensity because of cavity losses. As a result, in successive round 
trips, the front of the optical pulse decays more and more while a peak grows at the rear. Note, however, that the 
growth of the rear of the pulse is restricted because for most of the passage down the undulator the electrons are 
interacting with the low intensity field at the front of the pulse. This effect is known as laser lethargy and results 
in the pulse growing slowly or not at all [13]. Lethargy is important during the build up of the optical field but is 
not important when saturation has been reached: at saturation the rear of the pulse cannot grow because of the 
reduced gain and therefore the group velocity of the optical pulse returns to cand the optical pulse shape 
remains constant.
£ _
light pulse
e lec tro n s
UNDULATOR ENTRANCE UNDULATOR EXIT
Figure 1-3 I llu s tra tio n  o f  th e  e f fe c t  o f  s l ip p a g e  o n  th e  g r o w th  o f  th e  o p t ic a l  p u ls e .  T h e r e la t iv e  p o s i t io n s  o f  a n  
e le c tr o n  b u n c h  a n d  a n  o p t ic a l  p u ls e  a r e  sh o w n  a t  th e  e n tr a n c e  a n d  e x i t  o f  th e  u n d u la to r  in  a  s i tu a t io n  w h e r e  th e  
o p t ic a l  c a v i ty  h a s  b e e n  a d ju s te d  f o r  p e r f e c t  s y n c h r o n is m  b e tw e e n  th e  c ir c u la tin g  o p t ic a l  p u ls e  a n d  th e  n e w ly  
a r r iv in g  e le c tr o n  bu n ch es . S u c c e s s iv e  r o u n d  tr ip s  a r e  sh o w n  f r o m  to p  to  b o tto m . T h e le a d in g  p a r t  o f  th e  o p t ic a l  
p u ls e  d o e s  n o t  g r o w  b e c a u s e  i t  in te r a c ts  w ith  th e  e le c tr o n s  o n ly  in  th e  f i r s t  p a r t  o f  th e  u n d u la to r  w h e r e  th e  g a in  
is  lo w  b e c a u s e  th e  e le c tr o n s  a r e  n o t  y e t  bu n ch ed .
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1.3 .3  C a v ity  d esy n ch ron isa tio n
The lack of gain at the leading edge of the optical pulse described in the previous section results in the 
slow build-up of optical power. This can be compensated by a slight shortening of the cavity length -  usually 
termed cavity desynchronisation. Instead of arranging that the round trip time o f the optical pulse exactly 
matches the repetition rate of the electron bunches— i.e. the optical round trip time is an integer multiple of the 
repetition rate, which is the case for a synchronised cavity— the cavity length is reduced by a small amount 
SL  from its synchronous value. The optical pulse then arrives at the entrance of the undulator for its next round 
trip slightly ahead of the electron pulse, as illustrated in Figure 1-4. In successive round trips, the part of the 
optical pulse, which experienced little gain, is moved ahead of the electrons so that the electrons experience the 
larger optical field from the rear of the optical pulse at the beginning o f the undulator. The optical pulse can then 
grow without the maximum shifting continuously backwards. The combination of a reduced group velocity and 
a shorter optical cavity leads to a effective synchronism between the optical and electron pulses, and the optical 
pulse can develop into a stable shape and grows uniformly to saturation.
UNDULATOR ENTRANCE UNDULATOR EXIT
Figure 1-4 I l lu s tr a tio n  o f  th e  e f fe c t o f  c a v i ty  d e sy n c h r o n is m  o n  th e  g r o w th  o f  th e  o p t i c a l  p u ls e .  A s  p r e v io u s ly ,  th e  
r e la tiv e  p o s i t io n s  o f  a n  e le c tr o n  b u n c h  a n d  a n  o p t ic a l  p u l s e  a r e  s h o w n  a t  th e  e n tr a n c e  a n d  e x it  o f  th e  u n d u la to r  
a n d  s u c c e s s iv e  r o u n d  tr ip s  a r e  s h o w n  f r o m  to p  to  b o tto m . T h e o p t ic a l  p u l s e  c a n  c o n tin u e  to  g r o w  w ith o u t  
sh iftin g  b a c k w a r d s  b e c a u s e  th e  e le c tr o n  p u ls e  e x p e r ie n c e s  a  h ig h e r  o p t ic a l  f ie ld ,  p r o d u c in g  e f f ic ie n t b u n c h in g ,  
a t th e  s ta r t  o f  th e  u n d u la to r .
1-7
1.4 The Free-Electron Laser for Infrared experiments (FELIX)
FELIX has been designed as a versatile source of radiation in the infrared and far-infrared spectral 
regions, for the applications by scientific users around the world. At the time of writing the wavelength range 
extends from 5 pm to 300 pm. To cover this range, the instrument comprises two branches working at different 
electron beam energies. The long wavelengths (16 pm -  300 pm) are provided by FEL-1, while the short 
wavelengths (5 pm -  35 pm) are covered by FEL-2. FEL-1, which was originally designed to lase in the range 
16 pm -  110 pm, was upgraded in 1998 by the installation of a waveguide inside the undulator that extended its 
operating range to its present long-wavelength limit of 300 pm. A schematic layout of the machine is given in 
Figure 1-5.
22 m
S EM I
injector L in a c l &  L in a c2
FEL-2
5 - 30 pm
►  sp ectro m eter  
m a g n et
i iO T R
15-25 MeV \  25-45 MeV\
*  /m u— —
SEM 2
\
- FEL-1
< --------
16-300 pm  
-6 m ------------*1
Figure 1-5. T he b a s ic  la y o u t o f  th e  F re e  E le c tro n  L a s e r  f o r  I n f r a r e d  e x p e r im e n ts  (F E L IX ). T w o  s e p a r a te  F E L  
s e c tio n s  a r e  u s e d  to  c o v e r  th e  w a v e le n g th  ra n g e  f r o m  5 - 3 0 0  p m . T h e  p o s i t io n s  o f  th e  e le c tr o n - b e a m  d ia g n o s t ic s  
d is c u s s e d  in  c h a p te r  2  a r e  in d ic a te d :  S E M  1 a n d  S E M  2  a r e  s e c o n d a r y  e m iss io n  m o n ito r s  a n d  O T R  is  a n  o p t ic a l  
tra n s itio n  r a d ia tio n  m o n ito r .
1.4.1 The electron beam
The electron beam injector consist of a thermionic triode electron gun, that is modulated at 1 GHz to 
generate electron bunches with 1 ns separation. The electron bunches contain approximately a total charge of  
200 pC and are roughly 200 ps long. To inject these bunches into the 3-GHz travelling wave linear accelerator, 
the bunch duration is shortened by a 1-GHz pre-buncher and a 3-GHz buncher section. The 1-GHz pre-buncher
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induces a velocity modulation on the electron bunch by the application of a rapidly varying electric field. The 
velocity modulation is such that the leading electrons slow down while the trailing electrons speed up. This 
velocity modulation results in a compressed bunch duration of about 40 ps at the end of the drift section between 
the pre-buncher and the buncher. In the 3-GHz buncher a similar procedure is applied in 14 separate RF cavities, 
resulting into the bunch duration of 6 ps that is desired for injection into the first linac. The electron energy at the 
entrance to linac-1 is roughly 3.8 MeV so that the bunches are no longer strongly influenced by space charge 
effects any more. These electrons are further accelerated in two 3-GHz travelling wave linear accelerators (linac- 
1 and linac-2) to energies of 14-25 MeV and 25-45 MeV respectively. Behind each linac, the electron beam can 
be bent into an FEL resonator, by using a chicane in the beam line. A chicane contains three quadrupole magnets 
between two dipoles. This bending section is close to achromatic but has a slight non-isochronicity of about 
0.2 ps/%. Therefore the bunch length can be even further compressed in this section by applying an appropriate 
energy distribution for the bunch when it enters the chicane. Table 1-1 gives an overview of the electron beam 
parameters at FELIX.
T a b le  1 -1  E le c tro n  b e a m  p a r a m e te r s  a t  F E L IX
Beam energy 1 4 -4 6  MeV
Energy spread (rms) 0.2%
Normalised emittance 50tu mm mrad
Bunch length (rms) 0.4 -  0.6 mm
Bunch charge 140 -  200 pC
Microbunch spacing 1 ns or 40 ns
Macropulse duration < 10 ps
Macropulse repetition rate < 5  Hz
As indicated in T a b le  1 -1 , the electron bunch can be separated either by 1 ns or 40 ns. This is achieved 
by an additional modulation of 25 MHz at the electron gun, superimposed on the 1 GHz modulation. Note that 
when set to 40 ns, there is only one optical pulse circulating in the cavity, which is useful for the users to study 
fast phenomena with relaxation times greater than 1 ns.
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1.4 .2  T h e F E L  u n d u la to r  a n d  o p tica l cavity
FEL-1 and FEL-2 have identical undulator sections consisting of two rows of samarium-cobalt 
permanent magnets forming 38 periods of length 65 mm. The distance between the rows can be varied to change 
the K value of the undulator and thereby alter the wavelength of the laser radiation over a time scale of a few 
tens of seconds. The maximum value of K, which corresponds to the longest wavelength radiation, is obtained 
when the gap size is at the minimum determined by the size of the electron beam vacuum tube. Table 1-2 lists 
the important parameters for the undulator and optical cavity.
T a b le  1 -2  T h e im p o r ta n t p a r a m e te r s  f o r  th e  u n d u la to r  a n d  o p t ic a l  c a v ity  a t  F E L IX
FEL-1 FEL-2
Cavity length 6.0 m 6.15 m
Rayleigh length 1.2 m 1.2 m
Curvature of upstream mirror 3.0 m 2.783 m
Curvature of downstream mirror 4.0 m 4.0 m
Aperture radius 1.5 mm 1.0 mm
Cavity round trip loss 5 -  15% 5 -  10%
Mirror reflectivity at 10.6 pm >98% > 9 8 %
Mirror radii 25 mm 25 mm
Vacuum tube width 27.0 mm 16.7 mm
Undulator period 65 mm 65 mm
Number of undulator periods 38 38
Undulator strength (K) < 1.3 < 1.9
In each FEL, the cavity consists of two gold-coated copper mirrors placed at opposite ends of the 
undulator. The measured cavity round-trip losses are shown in Figure 1-6. At the downstream end of the 
undulator the electrons are bent out of the optical cavity. In FEL-1 the electrons are simply dumped, but in FEL- 
2 the bending magnet was designed as a magnetic spectrometer. The total cavity length is 6 m, with the 
undulator positioned asymmetrically towards the downstream end. The curvature of the mirrors gives the optical 
beam a waist near the centre of the undulator and a Rayleigh length of 1.2 m. The downstream mirror is held in a
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solid gimbal mount carried by a precision translation stage, coupled to the vacuum system by bellows. Angular 
and longitudinal adjustments are made with motorised micrometers and the distance between the cavity mirrors 
is actively controlled to within 0.5 jam by a Hewlett-Packard laser interferometer system. A fraction of the 
optical radiation generated in the PEL cavity is coupled out through a hole in the upstream mirror and is guided 
in an evacuated transport system from the accelerator vault to the user stations in the experimental area. The 
optical beam line is evacuated to prevent absorption, and separated from the linac vacuum system by diamond 
windows at the Brewster angle.
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Figure 1-6. T h e m e a s u r e d  r o u n d - tr ip  lo s s  in  F E L -1  (a )  a n d  F E L -2  (b). T h e lo s s e s  a r e  e s t im a te d  f r o m  th e  
r in g d o w n  tim e  o f  th e  r a d ia tio n  c o u p le d  o u t th ro u g h  th e  a p e r tu r e  in  th e  u p s tr e a m  m ir r o r .  T h e lo s s e s  in  F E L -1  
in c r e a se  a t  s h o r t  w a v e le n g th s  d u e  to  th e  f o r m a tio n  o f  h ig h - o r d e r  tr a n s v e r s e  m o d e s  a n d  a t  lo n g  w a v e le n g th s  d u e  
to  c l ip p in g  o f  th e  o p t ic a l  f i e l d  b y  th e  e le c tr o n -b e a m  v a c u u m  tu b e  in  th e  u n d u la to r .
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1.4.3 Performance
Saturated laser output is achieved over the wavelength range 5-300 pm. The wavelength can be 
changed relatively rapidly by means of altering the undulator field strength: a variation of a factor o f two in FEL- 
1 and of three in FEL-2 may be obtained in a matter of minutes. When a larger wavelength change is required, a 
change in beam energy or even a move to the other FEL may be necessary, which takes around 30 minutes. The 
output power as measured directly behind the laser is shown below as a function of the radiation wavelength. 
Figure 1-7 gives the micropulse energy during the saturated part of the macropulse, as obtained for six different 
settings of the electron energy ranging from 14.8 to 46.5 MeV. At each electron energy, only the undulator field
1-11
strength was varied. In practice, the FEL output can be optimised at any particular wavelength by adjusting the 
accelerator settings for that case. The power available in the user stations is typically a factor of two smaller due 
to losses in the 30-m long transport system. The macropulse power is given by the micropulse energy multiplied 
by the repetition frequency. The overall average power is equal to the product of the macropulse power and the 
duty cycle, which ranges up to 0.01%. This results in a maximum average power in the user stations of 0.5 W.
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Figure 1-7 S a tu r a te d  m a c r o p u ls e  p o w e r  a n d  m ic r o p u ls e  e n e r g y  a s  a  f u n c t io n  o f  th e  r a d ia t io n  w a v e le n g th .  
R e su lts  a r e  s h o w n  f o r  v a r io u s  v a lu e s  o f  th e  e le c tr o n  b e a m  e n e rg y . A t  e a c h  e le c tr o n  e n e rg y , th e  w a v e le n g th  is  
v a r ie d  v ia  a d ju s tm e n t o f  th e  u n d u la to r  f i e l d  s tre n g th .
The micropulse duration may be tuned over roughly an order of magnitude by adjustment of the cavity 
desynchronism. Sub picosecond pulses have been achieved over a wide range of wavelengths and pulses as short 
as 200 fs have been measured leading to peak optical powers in the region of tens of MW. The combination of 
these high electric fields and short pulse duration make FELIX suitable for the study of non-linear phenomena 
and fast relaxation processes. In Figure 1-8 the optical pulse duration (a) and the width of the optical power 
spectrum (b) are shown for a wavelength of 24.5 pm as a function of the cavity desynchronism. In Figure 1-8 (c) 
the time-bandwidth product is plotted, showing that it close to the Fourier transform limit -  the theoretical time- 
bandwidth product is 0.31 for a sech2 1 -shaped pulse. Similar performance is found at other wavelengths [l4].
1-12
AFigure 1-8 M e a s u r e d  o p t ic a l  p u ls e  d u r a tio n  (a ) , s p e c t r a l  w id th  (b ), a n d  t im e -b a n d w id th  p r o d u c t  ( c )  a s  a  
fu n c tio n  o f  c a v i ty  d e s y n c h r o n is a tio n  a t  a  la s e r  w a v e le n g th  o f  2 4 .5  p m . A l l  m e a s u r e m e n ts  a r e  ta k e n  a t  th e  
F W H M . T h e  d e d u c e d  t im e -b a n d w id th  p r o d u c t  is  c lo s e  to  0 .3 1 , th e  th e o r e t ic a l  v a lu e  f o r  a  sech2(7) - s h a p e d  p u ls e .
1.5 Motivation and Outline of this thesis
Characterisation of the ultra-short optical pulses produced by (far-) mid-infrared free-electron lasers 
(FELs) is an important task, not only for the further development of free electron lasers and their theory, but also 
for their operation as a research tool. Scientists who use FEL beam in their experiments, rely on the knowledge 
of the optical pulse length and even of its shape in order to interpret their experimental results correctly. 
Unfortunately, the sub-picosecond time scale is beyond the range of standard techniques, new methods have to 
be developed to monitor pulses as short as a few optical cycles.
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The aim of this thesis is to study ultra-fast diagnostic techniques for subpicosecond optical and electron 
pulses. In the earlier section of this chapter, an introduction to basic FEL physics and to the FELIX ffee-electron 
laser facility has been presented. Chapter 2 describes the first diagnostic technique, the so called differential 
optical gating technique, which measures the intensity of the infrared optical pulse and its time derivative 
simultaneously with an unsynchronised ultrashort TirSapphire laser, using a sum-frequency generation in a 
AgGaS2 crystal as the gating mechanism. The FEL pulse shape is then reconstructed with a time resolution o f the 
order of 100 fs. Chapter 2 also presents the study of synchronisation between the Ti:S laser pulses and the FEL 
pulses.
As the differential optical gating technique has ambiguity in reconstruction of the pulse shape at its peak 
position, where the derivative is zero, we introduce a new diagnostic method —  an electro optical detection 
technique, in Chapter 3. The electro-optical detection technique based on the Pockels effect has been studied, 
both theoretically and experimentally. Intrinsically the electro optical sampling is a cross correlation technique, 
which we can use with subpicosecond resolution, because the synchronisation between the Ti:S laser pulses and 
the FEL pulses turns out to be rather good. Two types of configuration of detection are demonstrated. The 
efficiency of electro-optical detection in an electro-optical crystal of ZnTe has been studied, and an unexpected 
orientation dependence of the ZnTe crystal is explained in Chapter 3.
Using the electro-optical detection technique as a powerful diagnostic tool for sub-picosecond optical 
pulses, we are able to study the FEL physics systematically. Chapter 4 covers the generation and complete 
electrical-field characterisation of FEL pulses at FELIX. A further discussion of formation of low time- 
bandwidth product, single-sided exponential optical pulses in FEL oscillator is given in Chapter 5. Accurately 
measuring the synchronous length of the FEL optical cavity becomes more important, as at FELIX, it was found 
that extremely short optical pulses can be produced when the cavity is set close to perfect synchronism. Using 
the electro optical sampling technique, accurate measurement of the cavity synchronism of the waveguide far- 
infrared FEL is obtained with a precision of 1 micron and the measurement results are verified by theoretical 
model and calculation in chapter 6.
Many applications based on relativistic electron bunches require an accurate measurement of the peak 
current. For this, the duration and possibly the shape of the electron bunch have to be measured. Free Electron 
Lasers (FELs) are important devices that use high-peak current electron bunches. Considerable effort has been
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made to extend the operating wavelength range into the XUV and soft X-ray part of the spectrum. Crucial for the 
success of these projects is the demonstration of self-amplified spontaneous emission (SASE) at short 
wavelengths. An important parameter in these experiments is of course the length and shape of the driving 
electron bunch, therefore precise measurement of the longitudinal electron beam profile is important for the 
successful operation of X-ray FELs. In Chapter 7, we demonstrate that the transverse electric field profiles 
associated with relativistic electron pulses can also be measured non-destructively with a sub-picosecond 
resolution using the electro-optical sampling technique. Recent work at FELIX has shown that the electro-optical 
sampling technique can be developed into a direct single-shot measurement of electron bunch profile, and an 
account of this new technique and its preliminary test results is given in the last chapter of this thesis [15].
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C h a p te r 2  D if fe r e n t ia l o p tic a l g a tin g  m e a s u re m e n t o f  F E L  p u ls e  sh a p e
Abstract
This chapter presents measurements of the temporal pulse shapes of the FEL obtained from FELIX, using a 
differential optical gating technique with a 10-fs Ti:Sapphire laser, and sum-frequency generation in a AgGaS2 
crystal as the gating mechanism. By employing a differential technique to simultaneously measure the intensity of 
the infrared optical pulse and its time derivative, we have reconstructed the mid-infrared pulse shape with a time 
resolution of the order of 100 fs. Further study of synchronisation between the Ti:S laser and the FEL at FELIX 
encouraged us to use other diagnostic techniques, described later in this thesis, as the jitter measured in our 
experiment turns out to be only about 400 fs rms over a scanning time of 2 minutes, and < 100 fs over a rapid 
scanning time of 10 fis (length of one typical FEL macropulse at FELIX).
2.1 Introduction
Characterisation of the ultrashort optical produced by free-electron lasers (FELs) is important both for the 
further development of the FEL and for its operation as a research tool. Conventional streak cameras can only 
achieve picosecond resolution and do not work in infrared (IR). The development of ultrafast lasers has led to the 
development of advanced methods to characterise the temporal profile of the short optical pulses. In order to 
measure pulses shorter than the response time of the conventional detector, a non-linear optical gating technique can 
be employed. The most common method is to use the optical pulse itself as the gating pulse. The autocorrelation 
can provide a clean measurement of optical pulse length, but it is not practical in some cases, either because the peak 
power of the optical pulse is too low, or because suitable non-linear crystals are not available at longer wavelengths. 
Furthermore, autocorrelation methods suffer from the drawback that the pulse shape is difficult to resolve. In these 
instances, it is possible to characterise the optical pulse shape by employing a cross correlation technique using an 
ultrafast optical pulse from an external laser source as the gating, and then the measurement resolution is determined 
by the length of the gate pulse. In practice, it is often difficult to achieve good (subpicosecond) synchronisation 
between the two lasers, therefore the data must be obtained in a single shot measurement with arrays of fast, 
sensitive long-wavelength detectors. Recently, a simple technique called differential optical gating (DOG) has been 
developed, in which these synchronisation problems are considerably avoided [’].
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2.2 Differential Optical Gating Technique
Using the differential optical gating technique, one can obtain detailed optical pulse shape information via 
optical gating with unsynchronised laser pulse trains. The principle of this technique is to measure simultaneously 
the intensity of the sample pulse and its time derivative by cross-correlating it with two pulses (one is delayed with 
respect to another) from an external ultrafast laser. Provided the time delay between the two pulses is known, each 
two-pulse measurement allows the PEL pulse intensity I ( t0) and its time derivative d l j d t  to be calculated at the 
time of measurement, to, which is in principle unknown because of the presumed jitter between the two lasers. 
Subsequent measurements produce further pairs {/, d l f d t )  at different times, t. These accumulate — either as the 
result of jitter or by altering the delay between the two lasers —  to provide a map of d l j d t  as a function of I, i.e.
T  =  / ( / )d t Equation 2-1
One can recover time information of I ( t)  by integrating this equation directly,
t(i\)JbSr ! < * = ' ( / ,  ) - k / „ )
} '(/<>)
Equation 2-2
Figure 2-1. I llu s tra tio n  o f  th e  p r in c ip le  o f  D if fe r e n tia l  O p t ic a l  G a t in g  (D O G )  te c h n iq u e . T h e  le f t  s id e  s h o w s  th e  
a c c u m u la te d  m a p  o f  th e  p u ls e  in te n s ity  I ( t)  a n d  i ts  t im e  d e r iv a t iv e  f ( t ) ,  w h ile  th e  r ig h t s id e  g iv e s  th e  tim e  in fo r m a tio n  
o f  th e  p u ls e  b y  in te g ra tio n . H e re  (a )  p r e s e n ts  a  s im p le  p u ls e  a n d  (b )  s h o w s  o n e  w ith  a  su b p u lse .
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In order to obtain an umambiguous reconstruction of the optical pulse shape, it is clear that (1 ) f [ I )  can not be 
zero, and (2) f [ I )  must be single valued within a given quadrant of { l , d l f d t } space. This requirement will raise 
problems even for a very simple pulse shape, which has a zero in the derivative at the pulse maximum. Therefore, 
using Equation 2-2, one can reconstruct the leading and trailing edge separately, but some uncertainty remains at the 
peak of the intensity profile of the pulse. However, it is possible to eliminate the uncertainty by making an 
additional measurement using the same method, which will be discussed later in this chapter.
2.3 The gate pulse from Ti:Sapphire laser system
Ultrashort Ti:Sapphire lasers have been widely used in cross-correlation measurements. In the differential 
optical gating technique, a femto-second laser is employed as the gate pulse. Table 2-1 gives the general parameters 
of this Ti:Sapphire laser system (Femto Source Pro, Femto Lasers, Vienna, Austria). Figure 2-2 gives the 10-fs 
fringe-resolved autocorrelation function o f the Ti:Sapphire pulse used in our differential optical gating 
measurement.
Table 2-1: p a r a m e te r s  o f  th e  T v .S a p p h ire  f e m to - s e c o n d  L a s e r
Central wavelength 800 nm
Repetition rate 100 MHz
Pulse duration < 12 fs
Spectral width > 75 nm
Pulse jitter < 400 fs (rms)
Peak power > 400 KW
Averaged power > 300 mW
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Figure 2 - 2  A u to c o r r e la tio n  fu n c tio n  o f  th e  T i:S a p p h ir e  p u ls e
2.4 Differential Optical Gating measurement at FELIX
Figure 2-3 gives the experimental set-up for the DOG measurement at FELIX. The DOG measurements 
were made at an FEL wavelength of 9 pm using the sum-frequency generated by the FEL radiation and the 800 nm 
radiation from the TirSapphire laser in a AgGaS2 crystal (Type-I phase matching, MolTech, Berlin, Germany). In 
this set-up, the source and the gating beam are split into equal parts and guided into two separate arms. In each arm, 
both the source and the gate pulse trains are focused and overlapped in a non-linear 100-pm thick AgGaS2 crystal to 
produce photons at the sum frequency of the source and the gate beams. This signal is passed through a polariser to 
block the Ti:S radiation and then detected using a silicon photodiode. The two arms are identical except that one arm 
is delayed using an optical delay line, which provides a small time delay Td. Since the Ti:Sapphire pulse is much 
shorter than the FEL pulse, the signal measured at each arm is proportional to the intensity of the FEL pulse. The 
time derivative is not measured directly, instead, one can approximate the derivative from the difference between 
two intensities spaced closely in time. The time delay Td must be chosen carefully to provide a sufficiently large 
difference on the slowly varying parts while maintaining adequate temporal resolution on the rapidly varying parts 
of the FEL pulse shape.
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ZnTe
Figure 2-3. E x p e r im e n ta l  s e tu p  o f  d if f e r e n tia l  o p t i c a l  g a tin g  m e a s u r e m e n t
An automated data acquisition program was written to collect and store the intensity and its derivative of 
FEL pulse for each shot. After collecting several thousand data pairs, one accumulates a density map in the {I, 
d l / d t } space. Since there are always some intensity fluctuations, pulse shape fluctuations, and noise due to 
difference in response between two arms, the curve of the measurement f ( I )  will results in a finite width. Using a 
density map display and counting all the measured data, one can fit the data with a curve which is through the centre 
of the intensity distribution, therefore reconstructs the time information of the FEL pulse shape. However, these 
fluctuations and noises will limit the time resolution of the pulse shape during the reconstruction process.
We have studied the FEL optical pulse shape in two important regimes of operation. First, when the laser 
cavity is detuned away from perfect synchronism, relatively long FEL pulses are generated. A typical DOG picture 
is shown in Figure 2-4(A), the data exhibit a strong asymmetry about the /  axis. The function/f/j is obtained from 
this density map by tracing a line which follows the centre of the intensity distribution curve. Then the pulse shape 
is reconstructed using equation 2-2, the f ( I )  curve is integrated separately for the rising and trailing edges of the 
pulse. To join the two regions, we take advantage that the density map indicates the relative amount of time spent in 
a given part of the curve f (I ) . In another word, higher density indicates a slower varying part of the pulse. It is 
possible to eliminate the uncertainty at the peak of pulse by making an additional measurement at a larger time delay 
Td , which is of the order of the pulse length, thus one can correlate the peak o f the pulse to the wings. By tuning the
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delay time Td to a minimum value at which the f (J )  curve is a straight line with a slope of 1, then Td corresponds to 
the full pulse width. The reconstructed pulse shape is indicated in Figure 2-4(B). The leading edge fits well to an 
exponential, whereas the trailing edge is fitted by a Gaussian. These results are taken at the early part of the 
macropulse, before the formation of a subpulse sets in. Similar pulse shapes were observed at the Stanford FEL [l]. 
The reconstructed pulse is also in good agreement with separate measurements of the intensity autocorrelation 
function (1.33 ps fwhm) [2] and the optical spectrum (time-bandwidth product of 0.35). Under certain conditions (at 
an intermediate cavity detuning length, where a dynamic balance between the laser lethargy and saturation of optical 
power is reached), the formation of subpulses, which have a clear signature in the DOG data, is seen. An example is 
given in Figure 2-5 (A), with a reconstructed micropulse shape shown in (B).
Figure 2-4 R a w  D O G  d a ta  (A ) a n d  r e c o n s tr u c te d  F E L  p u ls e  (B ) f o r  A L = -2 2 /J m , k = 9 j jm .
Figure 2-5 (A ) D O G  d a ta  w ith  a  s u b lo o p , in d ic a tin g  th e  fo r m a tio n  o f  s u b p u ls e s  o n  th e  t r a i l in g  e d g e . (B )  
R e c o n s tr u c tio n  o f  th e  F E L  p u ls e .
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In a second series of measurements we focused on the shortest possible FEL pulses to demonstrate the 
improved time-resolution of approximately 100 fs that we obtained. The data presented here represent the first high- 
resolution pulse shape measurements of these ultrashort FEL pulses, and provided a basis for more stringent tests of 
FEL theory in this operating regime than were previously possible. The DOG data shown in Figure 2-6 correspond 
to an FEL pulse of approximately 200 fs fwhm in duration. Although our current time resolution is perhaps still not 
good enough to resolve the details of the pulse shape fully, we have fitted it for illustration purposes with the first 
supermode [3], which is an analytic expression for the FEL pulse shape at small values for the cavity detuning:
|A,(£)|2 ~  I x 2v )  e  x  p ( S  ( 2 / v )1/3 ( £ - l ) ) s in  V £ )  Equation 2-3
In this formula, v =  2AL /(L sy )  is the normalised cavity detuning length, ALis the cavity detuning length, L  =  N UX
is the slippage length (N u=38 is the number of undulator periods at FELIX, A, is the wavelength o f FEL optical 
radiation), y is the normalised gain parameter ( ^ ~ 1.5 to 2 in FELIX FEL), and £  =  ( c t  -  z ) /  L s is the position
within the optical pulse in units of the slippage length L s. Our fit yields a value for v=0.036±0.002, whereas the 
calculated value yields v = 0.03.
Figure 2-6 R e c o n s tr u c tio n  o f  a  s h o r t  F E L  p u ls e  ta k e n  a t  A L = -1 0 ju m  a n d  A = 9 ftm . T h e  d o t t e d  l in e  c o r r e s p o n d s  to  th e  
f i r s t  s u p e r m o d e  (s e e  tex t).
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2.5 Pros and Cons of DOG
Differential optical gating is a simple method for measuring the shape of an optical pulse using an 
unsynchronised ultrafast laser (poor synchronisation is not an issue for the DOG technique, even no synchronisation 
is required between the probe laser and the optical pulse). It can be used for the study of a low intensity source 
throughout a broad range of wavelengths, by using a range of gating mechanisms, like sum-frequency generation, 
Kerr or Pockels effects, photo-induced plasma absorption etc. A temporal resolution of the order of 100 fs has been 
achieved with the DOG technique. The time resolution of this technique is determined by the gate pulse width 
(~10fs), optical or electrical noise, and dispersive optics and focusing geometry, it can be improved further by 
optimising the design of the focussing optics for the Ti:Sapphire laser and using thinner, less dispersive, sum- 
frequency mixing crystals. The cons of the DOG technique are also obvious: it has ambiguity in reconstruction 
process where the derivative is zero, it requires repetitive constant pulse shape in order to accumulate data of {I ( t) ,  
d l / d t } over a few minutes, and it has difficulty in resolve multiple (sub) pulses which frequently occur in practice. 
Furthermore, it requires repetitive pulse traces that is reproducible, both in terms of amplitude and shape for both the 
beam under investigation and the gate beam.
2.6 Sub-picosecond synchronisation of Ti:Sapphire laser to FELIX
In this section, we will discuss the synchronisation between the FEL from FELIX and the Ti:Sapphire laser. 
Previous attempts to synchronise a different FEL with a regenerative mode-locked Ti: Sapphire laser have led to 
several picoseconds of jitter [4]. In such circumstances, the DOG technique becomes a good choice for measuring 
the sub-picosecond optical pulse shape with an unsynchronised ultra-fast pulsed laser. At FELIX, the 
implementation of a good optical and electronic synchronisation loop has allowed the first successful 
synchronisation of a Kerr-lens mode-locked 10-fs Ti:Sapphire laser system to an FEL at FELIX with a jitter of sub­
picosecond scale. This synchronisation scheme, which was developed concurrently with the DOG measurements has 
meant that other methods can be used to provide even more accurate measurements of the FEL pulse length.
A schematic layout of the feedback loop is given in Figure 2-7 [5]. The Ti:Sapphire laser is pumped by 5 W 
of 532 nm from an intra-cavity frequency-doubled Nd:YV04 laser (Millenia V, Spectra Physics, Mountain View, 
CA USA), and employs so-called ‘chirpcd-mirror’ technology to achieve reliable and stable production of the 
ultrashort optical pulses [6]. See Table2-1 for its general parameters. The cavity of this Ti:S laser is modified by 
mounting a tiny (5 mm diameter, 1 mm thick) high-reflector in the short arm of the cavity on a PZT with 10 pm
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range. This piezo-controlled mirror is used for active cavity stabilisation. A fast Si-photodiode (-3 dB at 1.5 GHz) is 
used to monitor the 100-MHz optical pulse train. The 1 GHz component of this signal and a reference signal of the 
1 GHz clock of the FEL are combined in a double-balanced mixer, the output of which serves as the error signal for 
driving the PZT. The unity-gain bandwidth of the loop is 1 kHz, determined primarily by the PZT drive electronics 
and the loop filter. The use of the 10th harmonic of the 100-MHz roundtrip frequency in the feedback loop provides 
better locking because of the reduced influence of amplitude-to-phase-noise in the loop [7],
When the FEL and the Ti:Sapphire laser are frequency-locked to each other, the temporal overlap is found by 
simply scanning an RF-phase-shifter. Type-I sum-frequency generation in a 100-|im thick AgGaS2 crystal 
(MolTech, Berlin, Germany) has been used at an FEL wavelength of 9 Jim to measure the degree of jitter that is left 
between the two lasers in a direct optical cross-correlation experiment. The sum-frequency is detected through a 
calcite polarizer that blocks the TiiSapphire background (see Figure 2-7). The infrared FEL pulse duration was 
similarly measured with a CdTe-based autocorrelator to be 435 fs fwhm in duration (see trace (a) in Figure 2-8). The 
duration of the Ti:Sapphire laser pulses was measured separately with an autocorrelator close to the AgGaS2 sample 
and was found to be 10 fs fwhm (see trace (b) in Figure 2-8). In Figure 2-8 trace (c), a delay line was scanned to 
vary the optical delay between the two laser pulses, and individual data points correspond to a fifty-shot-averaged 
measurement over successive macropulses. The jitter from the cross-correlation signal can thus be estimated to be 
400 fs rms (~900 fs fwhm, assuming uncorrelated Gaussian noise). The achieved degree of synchronisation is 
present over many minutes and the resulting system performs well compared to other commercially available 
systems that allow locking of a Ti:Sapphire laser to an external clock. For example Spectra-Physics and Coherent 
typically specify a jitter of less than 3 ps rms (~6 ps fwhm) on a 60-second time scale or shorter for table-top- 
systems. In our case the FEL is located 40 meter away from the TiiSapphire laser, and the excellent synchronisation 
achieved demonstrates the intrinsically stable cavity design of the TiiSapphire laser, as well as the tight locking of 
the FEL to its 1 GHz clock. The large separation between the lasers leads to a slow thermal drift in synchronisation 
of about 1 ps per half-hour.
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Figure 2-7 S c h e m a tic  la y o u t  o f  s y n c h ro n isa tio n  e le c tr o n ic s  a n d  o p t ic s .  A n  u l tr a - s ta b le  r f -c lo c k  (S M G  8 0 1 .0 0 0 1 .5 2 ,  
R o h d e  &  S c h w a rz , M u n ich , G e rm a n y )  ru n n in g  a t  2 5 0  M H z  is  m u l t ip l ie d  b y  f o u r  to  y i e ld  1 G H z. A n  r f - s p l i t te r  s p l i t s  
th e  1 G H z  s ig n a l  in  tw o . O n e  a r m  s e r v e s  a s  th e r e fe r e n c e  c lo c k  in p u t  f o r  th e  d o u b le - b a la n c e d  m ix e r  (D B M ), w h ile  
th e  o th e r  p a r t  d r iv e s  th e  e le c tr o n  g u n  a n d  a c c e le r a tin g  s tru c tu re s .  A  f a s t  1 .5 G H z  s i l ic o n -d io d e  d e te c t s  th e  1 0 0  M H z  
T i'.S a pph ire  p u ls e  tr a in  a n d  f i l t e r s  o u t  th e  1 G H z c o m p o n e n t, w h ic h  i s  m ix e d  w ith  th e  1 G H z  c lo c k  in  th e  d o u b le -  
b a la n c e d  m ix e r  to  y i e ld  th e  p h a s e  d iffe re n c e . A fte r  p a s s in g  th r o u g h  a  1 -M H z  lo w - p a s s  f i l t e r  a n d  a  lo o p  f i l t e r  ( u n ity  
g a in  a t  1 k H z)  th e  e r r o r  s ig n a l  is  s e n d  to  a  P Z T -d r iv e r  to  a d ju s t  th e  c a v i ty  len g th . A  p h a s e  s h if te r  i s  u s e d  to  c o n tr o l  
te m p o r a l o v e r la p , i.e . to  r e m o v e  th e  c o n s ta n t tim e  d e la y  p r e s e n t  in  th e  s y s te m  a f te r  lo c k in g  th e  f e e d b a c k  lo o p .
FEL autocorrelation
delay [fs]
Figure 2-8 T ra c e  (a )  s h o w s  th e  b a c k g r o u n d -fr e e  a u to c o r r e la t io n  m e a su re m e n t o f  th e  4 3 5 - f s  F E L  p u ls e  w ith  a  
p u r p o s e -b u i l t  a u to c o r r e la to r  b a s e d  o n  C d T e , a n d  t r a c e  (b )  g iv e s  th e  1 0 -fs  f r in g e - r e s o lv e d  a u to c o r r e la t io n  f u n c t io n  
o f  th e  T i:S a p p h ire  p u ls e . T ra c e  (c )  s h o w s  th e  m e a su re d  o p t ic a l  c r o s s -c o r r e la t io n  b e tw e e n  th e  F E L  ru n n in g  a t  9  p m  
a n d  th e  T i.'S a p p h ire  la s e r  a t  8 0 0  n m  in a  1 0 0 -p m  th ic k  A g G a S 2 c r y s ta l .  T h e d e r iv e d  j i t t e r  is  4 0 0  f s  r m s  ( - 9 0 0  f s  
fw h m ). T he s c a n  to o k  a p p r o x im a te ly  tw o  m in u te s  to  r e c o r d  ) [  2j .
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Although we demonstrated the synchronisation of the Ti:Sapphire laser to the FEL at an infrared wavelength 
of 9 pm, this is only limited by the availability of suitable sum-frequency mixing crystals (and has been verified 
between 7 and 13 pm wavelength with the same AgGaS2 crystals). The synchronisation is present over the whole 
FELIX wavelength (4.2-300 pm) range since we directly locked to the FEL’s internal RF-clock. Furthermore, we 
also are able to synchronise the Ti:Sapphire laser to FELIX when it runs at 25 or 50 MHz repetition rate instead of 
1 GHz. This is achieved with a slight modification of the feedback loop so that first locking to the 25/50 MHz is 
obtained, before the 1 GHz lock is activated. Identical synchronisation performance is observed in these modes since 
the 25/50 MHz signals are just necessary in the beginning to select the appropriate 1 GHz cycle, but do not influence 
the loop characteristics (the 25/50 MHz signal can even be removed, once locking is obtained).
2.7 Conclusion
The optical pulses of infrared FELs can be strongly asymmetric, especially when the cavity is 
desynchronised. Differential Optical Gating (DOG) with an external femto-second laser has proved to be a useful 
technique for studying these asymmetric pulses. We have measured the pulse length of a mid-infrared FEL using the 
differential optical gating technique, with an unsynchronised ultrafast (10 fs) Ti:Sapphire laser as the gate pulses. 
The measurements were made at wavelengths between 8 and 9 pm, with a temporal resolution of the order of 100 fs. 
The FEL optical pulses generated in two important regimes of operation are studied. One is the ultrashort FEL pulse 
(about 250 fs) generated near zero cavity desynchronism, while another measurement gives the formation of optical 
subpulses, when the cavity is detuned from perfect synchronism.
By further studying the synchronisation between Ti:S laser and the FEL at FELIX, we achieved a small jitter 
between these two laser systems (400/5 rms over a scanning time of 2 minutes, and <100 f s  over a rapid scanning 
time of 10 ps). This good synchronisation makes it possible to choose a more straightforward technique to measure 
the FEL and electron pulse shape, and this new method is called electro optical sampling (EOS) technique, which 
will be further discussed in details in the following chapters.
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C h a p te r  3  A n g u la r  D e p e n d e n ce  o f  E le c tro -O p t ic  S a m p lin g  in  Z n T e
Abstract
This chapter gives a general introduction to the electro optical sampling technique. The orientation dependence 
of electro-optic sampling in a crystal of ZnTe<110> is obtained in a series of experiments; calculations of the 
transverse electro-optic modulation in ZnTe<110> are presented. With a probe beam normally incident upon the (110) 
plane of a crystal of ZnTe, the maximum efficiency of electro-optical detection can be obtained by making the 
polarisation of the probe beam parallel or perpendicular to that of the THz beam.
3.1 Introduction
Over the last decade, there has been an increasing interest in the generation and detection of electro-magnetic 
pulses with frequencies in the Tera-hertz regime. For the detection of freely propagating electro-magnetic pulses in 
the sub-picosecond time domain, several techniques have been developed. These include the method of optically 
gated photoconductive antennas f1], interferometric techniques using a bolometer as a detector [2], and electro-optic 
(EO) detection [3,4,5]. Although both the amplitude and phase information can be obtained with photoconductive 
dipole antennae, the limitation of these detectors is the resonant behavior of their Hertzian dipole structure, therefore 
the signal waveform is not a simple cross-correlation of the incoming terahertz pulse and the optical gating pulse. 
Furthermore, these antennae are insensitive to frequencies above 5 THz. Far-infrared interferometry can provide 
information about the temporal profile of the THz pulses, but the phase information is lost.
An alternative method [4] , called electro-optic sampling (or detection), has been developed for the complete 
characterization of the THz pluses. Electro-optic sampling technique is based on the linear electro-optic effect (also 
known as Pockels effect) [6]: when an electric field is applied to an electro-optic crystal, it induces birefringence. The 
birefringence can then be probed by a synchronised ultra-short Ti:Sapphire (Ti:S) laser pulse. The induced 
birefringence causes the initially linearly polarised optical probe beam to acquire a phase difference between its 
polarisation components parallel and perpendicular to the induced optical axis of the sensor crystal, and therefore the 
probe beam will become elliptically polarised. The degree of ellipticity can be measured by using suitable polarisation 
optics. By scanning the delay between the Ti:S pulse train and the THz pulse train, a cross-correlation of the incident 
electric field of the THz pulse is obtained. Note that with this electro-optic detection technique, an asymmetric pulse
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shape can be measured with sub-picosecond time resolution and without time-reversal ambiguity. Furthermore, 
information about the electric field, including its sign, is obtained in contrast with most other techniques that yield 
only information on the intensity. Another advantage of this technique is a nearly flat frequency response of certain 
(low dispersion) EO sensor crystals in the THz regime [7]. It has been demonstrated that frequencies up to 37 THz can 
be measured with this technique [8],
As most of terahertz generation and detection experiments employ an ultra fast Ti:S laser to generate and also 
to detect the THz pulses, the Ti:Sapphire pulses are therefore naturally synchronised with the THz beam. In our case, 
the Ti:S laser and FEL laser are completely independent laser systems, an external synchronisation loop with a small 
jitter is required in order to use this EO sampling technique to measure the FEL pulse shape. Fortunately, as described 
in chapter 2, the Ti:S laser is well synchronised to the FEL laser with a small jitter of 400 fs rms over two minutes, 
enabling us to adopt this technique to measure the FEL pulse shape at long IR wavelength where the pulse length is 
much longer than 400 fs. For the electro-optical measurement with the rapid scanning technique, which will be 
discussed in chapter 4, the jitter is clOOfs over 10 (is (the typical length o f an FEL macropulse at FELIX).
3.2 Experimental setup for EO sampling
Figure 3-1 illustrates the experimental setup for the detection of THz pulses, using free-space electro-optic 
sampling technique. In this experiments, the THz beam is produced by the FELIX [9]. We use the FEL beam in the 
wavelength range of 40-220 (im for the electro-optic sampling experiments and especially at 150 (im, where the phase 
velocity of the THz beam matches the group velocity of the optical probing pulse, which results in a large interaction 
length and a good time resolution. An ultrashort Ti:Sapphire (Ti:S) laser (FemtoSource Pro, Femtolasers, Vienna), 
producing 12 fs pulses with a repetition rate of 100 MHz at 800 nm, is used as the probe beam. The collinear THz 
beam and the optical probe beam are normally incident on the (110) face of a 0.5-mm-thick crystal of ZnTe (from 
Uni-export, U.K.). ZnTe has been employed as the primary sensor material for free-space electro-optic sampling in 
many experiments, since it has a large figure-of-merit of 51.7 pm/V, a small group velocity mismatch of 1.1 ps/mm 
[10], a broadband detection capability (from 82 MHz to 37THz) [n]. Figure 3-2 gives the measured transmittance 
patterns of EO sampling crystals: ZnTe <110> and GaP <110>. It can be seen clearly that ZnTe crystal has a broad 
transmission band, and GaP can be adopted as an EO sensor in the spectral range where ZnTe has no transmission of 
light at wavelength between 40 pm (wave number 250 cm'1) and 67 pm (wave number 150 cm'1),
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Ti:Sapphire probe
Figure 3-1 S c h e m a tic  o f  th e  e le c tr o - o p t ic  d e te c tio n  se tu p .
Figure 3-2 S p e c tr a l  tr a n s m itta n c e  o f  E O  s e n s o r  c r y s ta ls :  Z n T e  < 1 1 0 >  a n d  G a P  < 1 1 0 > .  S o l id  c u r v e  g iv e s  th e  
tra n sm itta n c e  p a t te r n  o f  Z n T e  < 1 1 0 > ,  w h ile  d o t te d  lin e  g iv e s  th e  tr a n s m itta n c e  o f  G a P  < 1 1 0 > .
With the crystal between crossed polarisers, we rotated it in its (110) plane, and observed an approximately 
six-fold symmetry in the transmitted intensity versus the rotation angles (see Figure 3-3). It is not immediately clear 
that this result should be expected for the cubic ZnTe crystal rotated around a two-fold symmetry axis. Therefore the 
EO effect for collinear (110) incidence was calculated with arbitrary angles for the polarisation and the crystal c-axis.
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Figure 3-3 O b s e r v e d  t r a n s m it te d  p r o b e  la s e r  in te n s ity  vs. r o ta tio n  a n g le  o f  a  Z n T e  < 1 1 0 >  c r y s ta l  b e tw e e n  c r o s s e d  
p o la r is e r s ,  in  th e  f i e l d  o f  a  15 0 -}J m -w a v e le n g th  F E L  p u ls e .
3.3 Theory of EO Sampling in ZnTe
We define a laboratory co-ordinate system with jc, y , z  along the crystal’s symmetry axes a, b , c  as shown in 
Figure 3-4. The direction and the polarisation of the probe beam and THz beam in the ZnTe crystal are also shown in 
Figure 3-4.
Figure 3-4 L a b o r a to r y  c o -o r d in a te  s y s te m  w ith  (x , y ,  z )  d e f in e d  a lo n g  th e  c r y s ta l ’s  s y m m e tr y  a x e s  o f  a , b  a n d  c. E TUz 
a n d  E p in d ic a te  th e  p o la r is a t io n  d ir e c tio n  o f  th e  T H z b e a m  a n d  th e  p r o b e  b e a m . k p a n d  k Tuz g i v e  th e  p r o p a g a t in g  
d ir e c t io n  o f  th e  T H z b e a m  a n d  th e  p r o b e  b e a m . T h e n e w  p r in c ip a l  a x e s  o f  th e  in d ic a tr ix  e l l ip s o id  d u e  to  th e  a p p l ie d  
e x te rn a l T H z e le c tr ic  f i e l d  is  p r e s e n te d  b y  ( e 0, e x, e 2 )■
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Provided the THz beam has its polarisation direction in the (110) plane but with an angle a  to the z-axis, then 
in the presence of the applied electric-field (E x , Ey , E z) of the THz pulses, the indicatrix for the cubic ZnTe crystal is 
given by
M =
l /«o r « E z r« E ,
r « E z U n i r « E z
r « E y r U E x l /"o
Equation 3-1
Where r4l is the electro-optic coefficient of the crystal, n0 is the refractive index of the crystal without applied electric 
field, and E 0 is the amplitude of the applied field,
V2 . j-, — V2—  E0 sinor, E y =
The eigenvalues of matrix M, giving the new refractive index of the crystal, are
E x =  r*  - - jE0sinor> E z = E 0 cos a Equation 3-2
-  + r41 E0 cos a
^ + i r 4,£0[v/4^ 3cos a  -  cos a
-ir -}r4l£0[V4^3 cos a  + cos a
Equation 3-3
Accordingly, the eigenvectors (e0 fen e2), representing the new principle axes of the indicatrix ellipsoid due to the 
applied external THz electric field are given by:
Equation 3-4
r n (  1 > f 1
1
1 - 1
A\  >
1 - 1
B' V 2 +  A 2 ‘ V 2 + B 2
with
A =
^ 4 - 3 c o s 2a + c o s a  _ -V4-3cos2or+cosor
s
B  =sina V2sinor Equation 3-5
The eigenvector 6?0 is perpendicular to the (110) plane, but e x and e 2 lie in the (110) plane (in the naturally curved 
face plane of the crystal). The new principal axes are determined only by the angle and not the strength of the applied 
electric field, and e x makes an angle /? to the z-axis, where
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„ J  4 — 3 cos2 (or) + cos(or) .cos (j0) = p ------ 1---------- -----------x sign[sin(a)]V 2^ /4-3  cos2 (a)
Equation 3-6
Note that j/gn[sin(a)] =  1 if 0 < a < K ,  or ,s/gn[sin(a)] = - 1  if K  <  a < 2 k . In Figure 3-5, (3i and p2 are the 
calculated results based on equation 2-6 when cci=[0,7t] and oc1=[tc,27c], respectively. We find thatp  ^  — a , which is
plotted as the solid line in Figure 3-5.
Figure 3-5 th e  n e w  p r in c ip a l  a x is  e x in d u c e d  b y  th e  a p p l ie d  T H z f i e l d  is  d e te r m in e d  b y  th e  o r ie n ta t io n  o f  th e  a p p l ie d  
T H z f i e l d  a n d  th e  c r y s ta l  s y m m e tr ic  a x is  c. f i t a n d  p 2 a r e  th e  c a lc u la te d  r e s u lts  b a s e d  o n  e q u a tio n  ( 6 )  w h e n  a .i= [0 ,n ]  
a n d  a 2 = [n ,2 n ] , r e s p e c tiv e ly .  H e re , f t  is  th e  f i t t e d  c u rv e  a n d  p = a / 2 .
The crystal acts as a waveplate with phase retardation given by Eq. 3-7, where L  is the length of the crystal.
Acp = (v ,-v 2) = n ^ j-n ^ rAXE Q^ 4 - 3 cos2(a t) =  C ^ 4 -3 c o s2(or) Equation 3-7
For ZnTe with L  = 0.5 mm, Uq=  2.85, r = 4 pV/m, and at /k=150 pm, we have c  = n — n  3r  E  =  0 .182xl0-6£ n> with4/ 0 41 0 " 0
E q in V/m. When the crystal is rotated between fixed crossed polarisers and in a fixed external E-field, the induced 
waveplate effectively rotates over a + P ~  3 a l l , while the phase retardation varies between C and 1C. If the crystal is 
rotated by 2ti, then effectively the angle between the applied E-field and the new principle axis ( e x) of the crystal 
will be 371. As the crystal acts like a waveplate, it repeats its maximum transmission for a rotation of the e x axis over 
n il. This occurs for a rotation of the crystal over 7t/3, giving rise to the six-fold transmission pattern. Furthermore,
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since the maximum phase retardation varies between C and 2 C, one will expect an amplitude modulation on the six­
fold pattern.
3.4 Rotating the crystal
The intensity o f the EO signal depends on many factors: the intensity of the applied E-field given by C, the 
relative orientation of the field and the crystal given by a , and the angle between the direction of the linear polarizer 
and the polarisation direction of the E-field given by 0. Intensity transmission of the probe beam through a polarizer/ 
waveplate/ analyser combination is given by:
l { C , a , p , 6 )  =  D 2( C , a , / 3 , d )  Equation 3-8
where
D(C, a ,  p ,  0 )  =  -^ s in [2 (0  -  ( a  +  P ) ) ]  x  ^ /l-co sfA (p)v2
Since f3 = (x/2 , then
D { C ,  a ,  9 )  = sin(20 -3 a r )x s in (^ -)
Equation 3-9
Equation 3-10
Therefore one can clearly see here that the electro-optical effect induced by Terahertz radiation strongly 
depends on the following factors: Firstly, the refraction index n  of the crystal, its electro-optical coefficient r4] and the
amplitude of the electrical filed of the THz beam. As C  =  7T— n 03r4lE Q, when C  <  2.0 , those factors will mainly
A,
determine the amplitude of the electro-optical signal, but not the shapes of the curve (six-fold pattern) of the 
orientation dependence of the THz detection efficiency.
Figure 3-6 shows results of the calculated transmitted intensity of the probe laser while the ZnTe crystal is 
rotated between the crossed polarisers. An external electric field is applied parallel to the probe polarisation direction, 
with increasing field strength for the diagrams (a) to (c), so that the parameter C equals 0.1, 1.0, and 2.0, respectively. 
The latter corresponds to field strength of 11 MV/m and a 0.5-mm-thick ZnTe crystal. Such field strengths have been 
attained in an FEL pulse of 5 |xJ in 10 ps focused to a 1.5-mm-diameter spot. If C is big enough to make the phase 
retardation larger than 90°, then the pattern becomes more complicated.
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Figure 3-6 V a r ia tio n  o f  th e  tr a n s m it te d  in te n s ity  o f  th e  E O  s ig n a l  w h ile  th e  c r y s ta l  is  r o ta te d  b e tw e e n  c r o s s e d  
p o la r iz e r s .  A n  e le c tr ic  f i e l d  is  a p p l ie d  p a r a l l e l  to  th e  p o la r iz a t io n  d ir e c tio n  o f  th e  p r o b e  b e a m , w ith  f i e l d  s tre n g th  
in c r e a s in g  f o r  th e  d ia g r a m s  (a )  C - O . l  (Efe[= 0 .5 5  M V /m ), (b )  C - 1 . 0  (Efei=  5 .5  M V /m ) a n d  (c )  C = 2 .0  (Efet= l I M V / m )  
r e s p e c tiv e ly .
Secondly, the angle between the direction of the linear polarizer (or the polarisation of the probing Ti:S laser) 
and the polarisation direction of the E-field of the THz beam, which is defined by 0. From equation 3-7 and equation 
3-10, we know there is no difference between the intensity of the electro-optical signals measured at 0=0° and 
0=90°. While using a balanced detector, which gives signals proportional to the electrical field, we will expect to get 
signals at the detector with a phase difference o f 90 degrees. Figure 3-7 shows the calculated results, where in (a) to 
(c) the electric field of FEL is set to be perpendicular, at 45 degrees and parallel to the polarisation of the probe beam.
Figure 3-7 T ra n sm itte d  in te n s ity  o f  th e  E O  s ig n a l  vs. r o ta tio n  a n g le  f o r  th re e  p o la r i s a t io n  s e t t in g s  o f  th e  F E L  f ie ld .  
T he p o la r is a t io n  d ir e c tio n  o f  th e  e le c tr ic  f i e l d  o f  F E L  is  (a )  p a r a l l e l  (6 = 0 ) , ( b )  a t  4 5  d e g r e e s  (6 = 7 t/4 )  a n d  ( c )  
p e r p e n d ic u la r  ( 6 = ti/ 2 )  to  th e  p o la r is a t io n  o f  th e  p r o b e  b e a m .
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F u rth e r in vestigation s o f  eq uation  3 -7  and eq uation  3 - 1 0  sh ow  that ro ta tin g  th e an gle  o f  the p o la riz e r  to  the  
T H z  E -fie ld  c a n  also  ch a n g e  the ra tio  b etw een  the s ix -fo ld ed  p eaks. I f  0 ^ k n /4  ( k = 0 , ± l , . . . ) ,  then  th e  ra tio  v a rie s  
a cco rd in g ly . F ig u re  3 -8  show s the ca lcu la tio n  results fo r  the e x p e rim e n t show n in F ig u re  3 -3 ,  w h ich  resp o n d s to  an  
an gle  o f  0 = 1 0 7 .2 ° .
F i g u r e  3 - 8  Calculated transmission pattern corresponding to experimental observed pattern o f  Fig. 2 -2 .  The angle 
between the E0 field and the probe polarisation is set equal to 107.2°.
3.5 Conclusion
In  co n clu sio n , w e ob served  a  s ix -fo ld  sy m m etry  in the transm itted  in ten sity  o f  th e  e le c tro -o p tic  sig n al v ersu s  
the ro ta tio n  an gle  o f  the sen so r Z n T e  < 1 1 0 > .  C alcu la tio n s fo r the tran sm issio n  o f  the E O  sign al ag reed  w ith  
exp erim en tal resu lts obtained  a t 1 5 0 -f im  w avelen gth . T h e  op tim al an g les fo r the m a x im u m  E O  sam p lin g  s ig n a l are  the  
fo llow in g : T h e  e le ctric  field  d irectio n  o f  the T H z  b eam  is applied  in the c ry sta l < 1 1 0 >  p lan e w ith an  a n g le  cx=7i/2+k7C 
( k = 0 ,± l , . . )  to the p rincipal ax is  c o f  the cry s ta l, w hile the p ro b e b eam  should  b e  lin early  p olarised  b y th e p o larizer  
w hose p referred  d irection  is a t an an gle  0 = k jc /2  ( k = 0 ,± l , . . )  to  the p olarisation  d ire ctio n  o f  the applied  E -f ie ld .
O ne should  n ote that this s ix -fo ld  orientation  d ep en d en cy  o f  e le c tro -o p tic a l signal is valid  fo r  all T H z  
freq u en cies. F ro m  E q . 3 -7  and E q .3 -1 0 ,  on e ca n  see th at th e freq u en cy  depen d en t v alu es  o f  re fra c tiv e  in d e x  and the
e le ctro -o p tica l co e ffic ie n t *41 o f  Z n T e  cry stal only d eterm in e am p litu de o f  the m easu red  e le c tro -o p tica l s ig n al, but 
not the sh ape o f  the cu rv e  o f  the an g le  depen d en ce o f  th e T H z  d etectio n  e ffic ie n cy . A lth o u g h  w e did  the m ea su re m e n t  
and ca lcu la tio n  fo r Z n T e , the ca lcu la tio n s  apply to the c ry sta l o f  the sam e stru ctu re  (e g . o th er zin cb len d e c ry s ta ls , such  
as G a P ). T h e  sim ilar results w ere a lso  presented in D r. P . P lan k en ’s p ap er [ ,2] , but ou r w o rk  had b een  d on e  
independently and in fa c t p reced ed  to  his paper.
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Chapter 4 Generation and complete electric-field characterisation of 
intense ultra-short tuneable far-infrared laser pulses
Abstract
In ten se, rap id ly  tu n eab le , p ico se co n d  laser p u lses h av e  been gen erated  in the fa r in frared  fro m  3 0  to  2 5 0  
p m , a  ran ge n ot w ell c o v e re d  b y  o th er so u rce s . T h e  tra n sfo rm -lim ite d , d iffractio n -lim ited  p u lses h a v e  e n erg ies  o f  
up to  17 p J , p eak  p o w e r o f  m o re  than 1 M W , a len g th  o f  o n ly  18  op tical p erio d s, and fo cu se d  in ten sities o f  0 .1  
G W /cm 2. M easu rem en ts  o f  both  the o p tica l field am p litu d e and the phase h av e been p e rfo rm e d  a t 1 5 0  p m  w ith  
e le ctro -o p tica l d etectio n  tech n iq u e p rob in g the field in d u ced  b irefrin g en ce  in  Z n T e  w ith an  a c tiv e ly  sy n ch ro n ised  
u ltra-sh ort T irS ap ph ire laser . T h e  sh ortest optical pulse o b serv ed  a t 1 5 0  p m  h as a  len gth  o f  o n ly  1 8  o p tica l field  
c y cle s  at F W H M  o f  its in tensity  profile.
4.1 Introduction
F re e -e le c tro n  lasers  are  w ell established  as a  v e rsa tile  so u rce  o f  h ig h -in ten sity  rap id ly  tu n eab le  laser  
radiation  in w av elen g th  ran g es w h ere  o th er laser s o u rce s  a re  s c a rc e . In  p articu lar, the m id -to -fa r-in fra re d  p art o f  
the sp ectru m  ( 3 - 1 0 0 0  p m ) ca n  co n v en ien tly  b e  co v e re d  b y  F E L s  b ecau se  o f  the ra th er m o d e st req u irem en ts  on  
the a c c e le ra to r  that p ro v id es the e lectro n  b eam . T h is h as led  to  the d evelop m en t o f  se v e ra l in tern atio n al infrared
F E L  facilities th at se rv e  a  broad  ran g e o f  scien tific  u sers  [ ................. ] . F E L s  p ro d u ce  h igh  p u lse  en e rg ie s  in
transform -lim ited  pulses o f  variab le bandw idth, in s tro n g  c o n tra s t to  the w eak  b road b an d  T e ra h e rtz  (T H z )  
radiation  so u rces [9] that a re  pum ped b y  T i:S ap p h ire  (T i :S )  fem to -se co n d  laser sy stem s.
A  key feature o f  th e new  F E L ,  co n stru cted  a t th e F re e -E le c tro n  L a s e r  fo r In frared  e x p e r im e n ts  facility  
F E L I X  [ 10], is th at it o p erates  a t lon g w avelen gth s ( 3 0 - 2 5 0  p m ) w ith sh ort e le ctro n  p u lses ( 0 .3  m m  rm s .) . A  
ch aracteris tic  p aram eter is the longitudinal d eco u p lin g  p a ra m e te r / 4 ,  w h ich  is the ra tio  b e tw e e n  the slippage  
d istan ce Ls (Ls =  NUX, w h ere  Nu is the num ber o f u n d u lator p eriod s, and X is the laser w a v elen g th ) and th e (rm s)  
electron  bunch length  oe. In ou r ca se , fic ran ges fro m  4 - 3 0 ,  w h ile  the largest valu e  used  in o th e r F E L s  is 2 .2 .  
T he slippage d istan ce  is th e d ifferen ce  betw een  the d is ta n ce s  travelled  by an e le ctro n  and an  o p tica l w av efro n t, 
resp ectiv ely , during the e le c tro n ’ s transit through th e u n d u lator. It is also  the ran g e o v e r  w h ich  tran sien ts d u e to
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the e le ctro n  pulse ed g es in flu en ce  the o p tical pulse. T h e o p eratio n  o f  a  sh o rt-p u lse , la rg e-slip p ag e  F E L  o sc illa to r  
is sen sitive  to  the sy n ch ro n ism  b etw een  the op tical pulses c ircu la tin g  in the la se r  c a v ity  and the in je cte d  e le ctro n  
pulses. T h e  ca v ity  d etu nin g  A L , i.e . the d ifferen ce  betw een  th e a ctu a l ca v ity  len gth  and the sy n ch ro n o u s len gth  
for w h ich  the rou n d-trip  tim e o f  th e o p tica l w ave e x a c tly  m a tch e s  the e lectro n  rep etitio n  in terval, is a n  im p o rtan t  
p aram eter in the F E L  in teractio n  d y n am ics  (se e  ch a p te r 1 fo r  d e ta ils ). T h e fo rm atio n  o f  th e  o p tica l p ulses in  an  
F E L  w ith  larg e  is a  d elica te  b alan ce  betw een  d e sy n ch ro n ism , g ain , and satu ratio n . It is p o ssib le  to  g en erate  
optical p ulses that a re  m u ch  sh o rter than Ls and th erefore  co n ta in  o n ly  a  few  c y c le s  o f  the o p tica l fie ld . T h e  laser  
behaviour a t sh ort o p tica l p ulse lengths and high in tra -ca v ity  p o w ers h as been d em o n strated  to  s c a le  a c c o rd in g  to  
superradiant sca lin g  law s [ u ] , related  to  th e ‘sp ik in g ’ m o d e  o f  o p eratio n  that is o b serv ed  fo r v alu es  o f  jic sm a lle r  
than unity  [ 12].
T h e  design o f  th e larg e-slip p ag e  ffee -e lectro n  la se r has b een  rep orted  e lsew h ere  [ 13] . A  o n e -d im en sio n al  
w avegu id e is used to  re d u ce  the d iffraction  lo sse s  a t lon g  w av elen g th s. S o m e  m ach in e  p a ra m e te rs  are  
sum m arised  in T a b le  4 - 1 .  T h is  ch ap ter d escrib es the ch a ra cte risa tio n  o f  the o p tica l output o f  th e n ew ly  build  
F E L , su ch  as sm all-sig n al gain , c a v ity  losses, pulse e n e rg y , b eam  q uality , and fo cu se s  on  th e  co m p le te  
ch aracterisatio n  o f  the e le c tr ic  field  am plitude and phase o f  th e p ico se co n d  F E L  IR  pulses.
Table 4-1 Parameters fo r  the long-wavelength FELIX laser
E le c tro n  en ergy 1 2 -2 5  M e V
P e a k  cu rren t 5 0  A
U n d u lato r P eriod 6 5  m m
N u m b er o f  periods 3 8
N o rm alised  v e c to r  potential 1 .9  (rm s ,m a x )
O p tica l c a v ity  length 6  m
W a v e g u id e  w idth 1 0  m m
4.2 FEL Pulse energy and gain
In F igu re  4 -1  (a )  the m easured  pulse e n erg y  is sh ow n  a s  a  fu n ction  o f  th e laser w av elen g th . T h e  
p icosecon d  pulses (m icro p u lse s) a rriv e  in a  burst 5 - 1 0  p s lon g  (m a cro p u lse ) w ith  a  m icro p u lse  s p a cin g  o f  1 ns 
(1 G H z repetition  ra te ). T h e  m acro p u lses are repeated  a t 1 0  H z, lead in g  to an  a v e ra g e  p o w er o f  a  few  hundred
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m illiw atts. T y p ica lly , 5 0 - 7 0 %  o f  th e m easu red  pulse en e rg y  is a v ailab le  fo r e xp erim en ts  s in ce  th e b e a m  h as to  be  
transp orted  through  an  e v a cu a te d  transp ort sy stem  co n ta in in g  up to  3 0  m etal m irro rs  to  th e u ser a re a . In  F ig u re  
4 -1  (b ) the m easu red  g ro ss  g ain  (so lid  d o ts) is  plotted to g eth er w ith th e  ca lcu la te d  [ 13] g ro ss  gain  (o p e n  d o ts ) and  
is seen  to  ag re e  fairly  w ell. T h e  solid  trian gles in F ig u re  4 -1  (b ) rep resen t the m easu red  rou n dtrip  lo ss  w h ereas  
the estim ated  roundtrip  lo ss  due to  ou t-cou p lin g  th rou gh  the h ole in  o n e  o f  th e end m irrors is  in d icated  b y  a  solid  
square. T h e  roundtrip  loss is ca lcu la te d  fro m  an exp o n en tial fit to  th e  rin g -d o w n  a t th e en d  o f  the m a cro p u lse . 
F o r  a  reaso n  that is not y e t w ell u nderstood  the c a v ity  lo ss  in cre a se s  m o re  rap id ly  w ith  w a v elen g th  than  
an ticipated  fro m  ca lcu la tio n s  (n o  d a ta  p o in ts are g iv en  a t lo n g er w av elen g th s s in ce  th e d e te c to r  e m p lo y e d  w as  
not fa st en ough  to  m easu re  c a v ity  lo sses  in e x c e s s  o f  1 6 % ). T h is  is p ro b ab ly  the c a u se  o f  the rap id  d ro p  in the  
ou t-cou p led  pulse en erg y  ab o v e  1 2 0  Jim. T ran sv erse  b eam  size  m easu rem en ts  h a v e  been  p erfo rm e d , se e  F ig u re  
4 -1  ( c ) ,  a t 150-p .m  w avelen gth  w ith  a  2 x 2  in ch  p y ro -e le c tric  a rray  ( L B A 2 0 0 ,  S p irico n ). A ll m easu rem en ts  yield  a  
clean  sy m m e tric  b eam  p rofile  and sh ow  d iffractio n -lim ited  b eam  q u ality  (M 2 <  1 .1 )  [ 14].
Figure 4-1. T h e m e a s u r e d  o p t ic a l  p u ls e  e n e rg y  v e r s u s  w a v e le n g th  a t  th e  o u tc o u p le r  i s  s h o w n  in  (a ) . T h e  
m e a s u r e d  g r o s s  g a in  ( s o l id  d o ts )  a n d  c a lc u la te d  g a in  [ u ]  (o p e n  d o ts )  a r e  sh o w n  in (b ). T h e  t r ia n g le s  a r e  th e  
m e a s u r e d  c a v i ty  r o u n d tr ip  lo ss , w h e r e a s  th e  s q u a r e s  c o r r e s p o n d  to  th e  e s t im a te d  c o n tr ib u tio n  o f  th e  o u t-  
c o u p lin g  to  th e  r o u n d tr ip  lo ss . F ig . (c )  s h o w s  th e G a u ss ia n  s p o t  s iz e  v a r ia t io n  a t  150-ju m  w a v e le n g th  w h e n  th e  
la s e r  b e a m  is  w e a k ly  f o c u s s e d  f o r  b o th  th e  h o r iz o n ta l  ( s o l id  d o ts )  a n d  v e r t ic a l  p la n e  (o p e n  s q u a r e s ) .  T h e  f i t s  
( s o lid  lin e  f o r  th e  h o r iz o n ta l  p la n e  a n d  d o t te d  line f o r  th e  v e r t ic a l  p la n e )  in d ic a te  a  d if f r a c t io n - l im ite d  b e a m .
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4.3 FEL Pulse duration and shape
4.3.1 Two types of detector
T o  study th e o p tica l p ulse d uration  and sh ape w e ad ap ted  a  c ro s s -co rre la tio n  tech n iq u e freq u en tly  used
e le ctro -o p tic  (E O ) c ry sta l w ith  a  la se r a t visib le (o r  n ear-in frared ) freq u en cies . Z n T e  is  an id eal E O -c ry s ta l  
b ecau se  o f  its go o d  o p tical p ro p erties  a t the probing T i:S  freq u en cy  a s  w ell a s  a t T H z  freq u en cies . T h e  set-u p  
used in o u r e xp erim en t is sh ow n  sch e m a tica lly  in F ig u re  4 - 2 .  T h e  T i:S a p p h ire  laser, prod ucing 3 -n J ,  1 0 -fs  p u lses  
at 1 0 0  M H z  rep etition  ra te  (F e m to  S o u rce  P ro , F e m to  L a s e rs , V ie n n a ), is a ctiv e ly  sy n ch ro n ised  to  th e  F E L  
op tical output and the to ta l ji t te r  b etw een  th e  tw o  lasers is a p p ro x . 1 ps F W H M  o v e r a  tim e s c a le  o f  se v e ra l  
m inutes [ 16] . A  p o lariser se t th e p olarisation  d irectio n  o f  th e T i:S a p p h ire  la se r b y  9 0 °  w ith  re s p e c t to  th e  
p olarisation  d irection  o f  the F E L  laser . B o th  the T i:S ap p h ire  la se r  and the F E L  la se r  n orm ally  in cid en t in to  th e  
( 1 1 0 )  p lan e o f  a  5 0 0 -f im  th ick  Z n T e  cry sta l (U n i-e x p o rt, U K ) . T h e  cry sta l is ro ta ted  such that its  < 0 0 1 >  a x is  is 
along th e p olarisation  d irectio n  o f  th e F E L  laser. T h e  F E L -in d u c e d  b irefrin g en ce  in the E O -c ry s ta l  c a u s e s  a  
phase d ifferen ce  b etw een  the p o larisatio n  com p on en ts o f  the p ro p ag atin g  T i:S ap p h ire  p ulse p ara lle l and  
perp end icular to  the new  p rin cip le  O -a x is  o f  the E O -c ry s ta l. T h is  acq u ired  p h ase  d ifferen ce  A(p is  p ro p o rtio n al  
to the F E L ’ s e le ctric  field strength  E Fel in the cry stal ,
w here L =  5 0 fim  is the th ick n ess o f  the cry sta l, n,Q= 2.85 is the original re fra ctiv e  in d ex  o f  th e c ry s ta l, 
r41 = 4 p V  / m  is the e le ctro -o p tica l co e ff ic ie n t o f  Z n T e  cry s ta l, and X  = 150f im  is th e w av elen g th  o f  th e  in cid en t  
F E L  b eam  w h ich  h as its p o larisa tio n  d irectio n  in the (110) p lan e but w ith  an  an g le  a  =0 to the <001 >  a x is  o f  th e  
cry stal. T h e  phase retard ation  e x p e rie n ce d  b y  the T i:S a p p h ire  laser in the c ry s ta l ca u se s  its rad ia tio n  to  b e c o m e  
ellip tically  p olarised .
A s  show n in the e xp erim en tal setup o f  the e le c tro -o p tica l d etectio n , w e ca n  ch o o s e  tw o  d ifferen t  
con figu rations o f  d etectio n . T y p e  (a )  d e te c to r  co n sists  o f  a  seco n d  p o la riz e r and a  fast silico n  p h o to d io d e , and  
type (b ) d e te cto r includes a  q u arter w av ep late , a  W o llasto n  p rism  and a  b alan ced  d e te cto r . F r o m  c h a p te r  3  w e  
know  that the e le ctro -o p tica l sign al p assin g  through a  co m b in atio n  o f  p o la rise r/c ry s ta l/ a n aly ser is  d en o ted  as :
* S ee  ch a p te r 3 for m ore  in form ation .
to ch a ra cte rise  o th er T H z  so u rce s  [ 15]. T h e  tech n iq u e p rob es the e le c tric -fie ld -in d u ce d  b irefrin g en ce  in a  lin ear
Equation 4-1
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I E0S 00 s in 2( -^ - )  oc (A^)2 oc Epel oc PFel Equation 4-2
T h erefo re , fo r sm all p hase re tard atio n  the intensity  o f  the T iiS ap p h ire  rad ia tio n  em erg in g  fro m  th e seco n d  
p olarizer is p rop ortional to  the sq u are o f  the e le ctric  field , i.e . the in tensity  o f  th e F E L  p ulse, an d  this has been  
verified  by p o w er d ep en d en ce  m easu rem en ts  (see  F ig u re  4 - 3 ) .  T h e  intensity  p ro file  ca n  be m easu red , w ith a  
tem poral resolution  lim ited  b y  the j i tte r  o f  1 ps F W H M  ( 4 0 0 fs rm s), b y  v ary in g  the o p tica l d e la y  b etw een  the  
T iiS ap ph ire pulse and the F E L  m icro p u lse .
It is w ell know n [ 15] th at a  m o re  sen sitive m easu rem en t o f  th e E O -e ffe c t  c a n  b e  p erfo rm ed  if  th e se co n d  
p olariser is rep laced  by the co m b in atio n  o f  a Va-X w av ep late  and a  p olarisin g  b e a m  sp litter as sh o w n  in F ig u re  4 -  
2  (b ). T h e  E O -sig n a l ca n  then  b e  d etected  on tw o sep arate  S i-d io d es and the Va-X w av ep late  p ro v id es an o p tica l  
bias so  that the resp on se o f  e a ch  d iod e fo r  sm all p h ase  re tard atio n  is p ro p o rtio n al to  the e le c tr ic  field  strength  
instead o f  the in tensity  (se e  F ig u re  4 - 3 ) .
I E0S_X 00 sin2( ~ ~  + ~ )  00 sin(A$?) oc E fel oc ^j p fe[ Equation 4-3
1  e o s - 2  “  c°s2( ^  + ^ )  oc sin(Ap) ~  E fd oc
F ig u r e  4 - 2 .  The EO-cross-correlation set-up with two different detectors (a) and (b). In (a) the measured 
photodiode intensity is proportional to the FEL intensity. In (b) the measured photodiode intensity is 
proportional to the instantaneous electric field strength o f the FEL pulse.
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Figure 4-3 I n te n s ity  o f  e le c tr o - o p t ic a l  s ig n a ls  (E O S ) m e a s u r e d  b y  ty p e  (a )  d e te c to r  is  p r o p o r t io n a l  to  s q u a r e  o f  
th e  a p p l ie d  f i e l d  e le c tr ic  f i e l d  E Fel th e r e fo r e  is  p r o p o r t io n a l  to  th e  p o w e r  o f  F E L  la s e r  ( K = l ) .  W h ile  th e  E O S
s ig n a ls  a t  ty p e  (b )  d e te c to r  is  l in e a r ly  p r o p o r t io n a l  to  th e  a p p l ie d  e le c tr ic  f i e l d  E Fel o r  to  th e  s q u a r e  r o o t  o f  th e  
F E L  p o w e r  ( K = 0 .5 ) .
4.3.2 pulse duration measurements
Using type (a) detector shown in Figure 4-2, we perform a series of electro-optical measurements. 
Figure 4-4 shows the intensity profiles and power spectra (see insets) of the FEL micropulses at 150 pm 
wavelength and with cavity detunings A L  of (a) -100 pm, (b) -300 pm, and (c) -600  pm. These measurements 
demonstrate that the FEL pulse length and shape are strongly influenced by the value of A L , and for large values 
of A L  the optical pulse develops a leading edge that can be fitted well with an exponential [17]. Calculation of the 
time-bandwidth product for different cavity detunings gives values in the range of 0.2-0.3 when the pulse has a 
clear exponential leading edge, e.g. Figure 4-4 (b) and (c). In case of Figure 4-4 (a) the optical pulse shape is 
closer to a Gaussian and the time-bandwidth product is 0.6.
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Figure 4-4. M e a s u r e d  o p t ic a l  p u ls e  s h a p e s  (a ) - ( c )  u s in g  th e  E O -c r o s s -c o r r e la t io n  te c h n iq u e  d e s c r ib e d  in  th e  
text, a n d  p o w e r  s p e c tr a  ( in s e ts )  a t  150-fJm  w a v e le n g th  f o r  A L  o f  - 1 0 0  p m  (a ), - 3 0 0  p m  (b ) , a n d  - 6 0 0  p m  (c ). T he  
le a d in g  e d g e  o f  th e  o p t ic a l  p u ls e  (n e g a tiv e  d e la y  t im e s )  is  e x p o n e n tia l  f o r  la r g e  v a lu e s  o f  A L  [ I7] .  T h e  tim e -  
b a n d w id th  p r o d u c ts  a r e  0 .5 9 , 0 .2 0  a n d  0 .2 2  in  (a ) - ( c )  r e s p e c tiv e ly .
4.3.3 Phase sensitive measurements
Using type (b) detector shown in Figure 4-1, the response o f the balanced detector is now proportional 
to the electric field strength instead of the intensity. A typical measurement where the signal from one 
macropulse of the FEL is taken at a fixed setting of the delay line is shown in Figure 4-5. The jitter between the 
Ti:S laser and the FEL is negligibly small on this fast time scale (the jitter is about 5 0  f s  over a scanning time of 
10 ps) and consequently we are dealing with two perfectly synchronised laser systems [,8]. The Ti:S repetition 
frequency is phase-locked to the electron bunch repetition frequency, and therefore also to the FEL pulse
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envelope roundtrip frequency (the FEL gain keeps the pulse envelope at the position of the electron bunches). 
This means that during the macropulse, the Ti:S pulse train samples the envelope of the circulating FEL 
micropulses at the same position. However, the phase of the FEL carrier wave shifts in each roundtrip with 
respect to the envelope by A<prel =  2 tu-2  A T ./1 , depending on the applied cavity detuning. This relative phase shift
leads to the beat signal observed in Figure 4-5, with frequency:
_ —2 A £_ £_  Equation 4-4
Jbeat X  2 L
Here L  is the length of the cavity (6 m). When A L  =  k  X/2 with integer k, the phase advance per roundtrip is just 
k  • 2/r, and is indistinguishable from zero, and so the observed beat frequency is actually f  mod ( c / 2 L )  ■ The 
values of AI* = k  A/2 at which the observed beat frequency is zero, can be determined with an accuracy of about 
0.5 pm, or a few parts-in-thousand of the laser wavelength. In a dispersionless cavity there is one exact 
synchronism position ( k  = 0). This position can be found by varying the wavelength, as ALk is independent of X
only when k  =  0 . In our present case, the waveguide introduces noticeable dispersion, and the group velocity 
synchronism differs from the phase velocity synchronism. Taking this into account, it is still possible to 
determine the exact cavity length with high precision.
Figure 4-5 E O -s ig n a l r e c o r d e d  d u r in g  a  m a c ro p u ls e  w ith  AT. = -9.0jim  . T h e  b e a t  s ig n a l  r e s u lts  f r o m  a  p h a s e  
sh ift p e r  ro u n d tr ip  2 j i -2 A L fX  o f  th e  F E L  c a r r ie r  w a v e  w ith  r e s p e c t  to  th e  T i:S a p p h ir e  p u ls e  tr a in , c a u s in g  th e  
T i:S a p p h ir e  p u ls e s  to  s a m p le  d if fe r e n t p h a s e s  o f  th e  e le c tr ic  f i e l d  c y c le s .
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4 .3 .4  R a p id  sca n n in g  tech n iq u e
The ability to measure the details of the electric field with this EO-detection method opens up the 
possibility of measuring the complete FEL pulse envelope profile including the individual electric field cycles, 
thereby completely characterising the optical output. The fact that the jitter between the Ti:S pulse train and the 
FEL pulse train is extremely small (~ 50 f s )  during a macropulse also allows a high-temporal resolution 
measurement, provided that the delay between the Ti:S pulse and the FEL pulse can be scanned far enough 
during these few microseconds. This can be achieved by a so called rapid scanning technique, operating the FEL 
at a slightly different frequency from the Ti:S laser by switching the frequency of the rf-clock driving the 
accelerating structures of the FEL with a voltage-controlled rf-phase shifter. In view of the low duty factor of the 
FEL it is necessary to start this different frequency just before the FEL macropulse arrives and switching it back 
after the macropulse has passed. The frequency-switching technique has already been demonstrated in the past as 
a way of obtaining short and stable optical pulses [19], and is now adapted to rapidly scan the delay between the 
Ti:S laser pulses and the envelope and carrier wave of the FEL pulse.
The phase of the electron bunch, denoting as <I>, can be changed by the ramping voltage y  applied to
the rf-phase shifter. As we found in our measurement, if we apply a 10-V ramping-voltage to the rf-system, then 
the responding phase change of electron bunch is AO - n l  2 at 1 GHz. If we define the ramping voltage as:
Vm p = V 0 + S - t  Equation 4-5
where V0 is the bias voltage, S  is the ramping slope, and t  is the time that ramping voltage is applied on the rf- 
system. The phase of the electron bunch will be changed as a function of the ramping voltage:
o  = O0 + — • V = O0 + — • Vo + — ■ S  • t  Equation 4-60 20 p 20 20
As we know that the accelerating field of electron pulses is a cosine wave:
C o s i l j t f  • t  + O) = C o s & t f - t  +  0 ()+ ~ V a + ^ - S - t )  =  C o s ( 2 t t f ' • f + Oj,) Equation 4-7
Here o„ = O0 + x^/20 and / ’ = /  + 5/40, therefore we have
Equation 4-8
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The envelope of FEL micropulses now has the same phase advance as the electron bunch, since the gain 
keeps it at the same position in the electron bunch. While the Ti:Sapphire laser will not follow the change in its 
repetition frequency, because its PZT driver has slow mechanical response time o f a few milliseconds (see 
Chapter 2 for detail). Meanwhile, if the carrier wave of the FEL micropulse can run at the same speed as its 
envelope, then the carrier wave will stand still with respect to its envelope and results in a correct beat frequency 
of the EO-signal at the detector.
Denoting the “normal” cavity length and the electron bunch repetition frequency as L  and /( fo r  which 
combination the cavity is perfectly synchronised), respectively, we straightforwardly find that the desynchronism 
A L  normalised to the normal cavity length L  is:
AL _
L  f
Equation 4-9
where A L  and A f  denote a small deviation from the nominal values. Hence a cavity length desynchronisation A L  
has the same effect as a frequency detuning of the electron bunch arrival rate A f  =  f  A J .jL . By applying a 
suitable ramping voltage to the rf-system of the FEL, The carrier wave now has the same speed as its envelope, 
and the FEL is effectively running at a perfect synchronised cavity length. From Eq. 4-8 and Eq. 4-9, we find the 
slope of the ramping voltage:
S - .4 0 f Equation 4-10
L
For example, when FEL is running a t /  = 1  G H z, the normal cavity length is 6 m, and the detuning length is 
L  =  2 0  ju m , then the slope of the ramping voltage should be set to S=0.133 V/(is. In the rapid scanning
measurement, the FEL cavity length has to be set such that: (1) the cavity detuning has the correct value for the 
shifted rf-clock frequency, (2) the scanning speed of the FEL micropulse over the Ti:Sapphire pulse is fast 
enough to obtain the complete profile of the FEL micropulse.
4.3.5 Electric field profile of the FEL pulse
Figure 4-6 shows a measurement of the electric field profile of a micropulse using this rapid-scanning 
technique. A frequency offset of 3 ppm is applied just before the beginning o f the macropulse. This results in a
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speed of 0.133 ps/roundtrip, equivalent to 3.3 ps/ps, at which the Ti:S pulse train and the FEL pulse train sweep 
over each other. Provided that the effective FEL cavity detuning is equal to kX/2, and under-sampling in the 
data-acquisition is avoided, the observed beat signal corresponds to the FEL electric field cycles. Therefore, 
Figure 4-6 is the electric field profile of an FEL micropulse lasing at A L  = 0 pm. Since the technique acquires the 
trace within one macropulse, it is only a relevant measurement if the micropulse shape does not change 
significantly during the macropulse. We have indications that this condition is sufficiently well fulfilled in our 
case. The observed number of cycles at the fwhm is 26, corresponding to only 18 optical cycles fwhm of the 
intensity profile.
Figure 4-6. T he m ic r o p u ls e  e le c tr ic  f i e l d  p r o f i le  o f  th e  F E L  p u ls e  is  sh o w n  ( s e e  te x t  f o r  d e ta ils ) .
4.4 Conclusions
We have generated intense picosecond far-infrared laser pulses from 30-250 pm in a waveguide free- 
electron laser. The shortest pulses observed at 150-pm have a length of only 18 optical field cycles at the fwhm 
of the intensity profile. The combination of short pulse duration, high pulse energy, and diffraction-limited beam 
quality leads to unprecedented power densities of up to 0.1 GW/cm2, allowing non-linear experiments in a wide 
range of the far-infrared spectrum. The electric field profile o f the optical pulses has been characterised with a 
rapid-scanning cross-correlation technique with an actively synchronised 10-fs Ti:S laser. This technique allows 
complete characterisation of the optical output as well as accurate experimental determination of one of the most 
important parameters for free-electron lasers, the absolute cavity detuning.
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Chapter 5 Formation of low time-bandwidth product, single-sided 
exponential optical pulses in free-electron laser oscillators
Abstract
The detailed shape of picosecond optical pulses from a free-electron laser (FEL) oscillator has been 
studied for various cavity detunings. For large values of the cavity detuning the optical pulse develops an 
exponential leading edge, with a time constant proportional to the applied cavity detuning and the quality factor 
of the resonator. This behaviour has been observed at two separate FELs that have completely different resonator 
layouts and electron beam characteristics, and using different methods of optical pulse length measurement. The
optical pulses have a full width at half maximum time-bandwidth product A • A / f w h m  ° f  0.2-0.3. The
results presented here can be used to predict the optical pulse length and corresponding minimum spectral width 
that can be generated in a FEL pumped by short electron bunches. This is important for the design of new 
infrared free-electron laser user facilities, which need to make a balanced choice between short pulses for high 
temporal resolution and narrow bandwidth for linear and non-linear spectroscopy.
5.1 Introduction
FELs, operating over a large range of wavelengths and optical pulse lengths, have proved to be 
extremely useful for many experiments, especially in the mid- and far-infrared (3-1000 fim), and several 
international infrared user facilities have been constructed to exploit this t1,2,3,4,5'6,7’8]. Although competition from 
solid-state laser systems, such as Ti:Sapphire laser pumped optical parametric generators is strong at the shorter 
wavelengths, the FEL has the unique capability of allowing the user to select the appropriate optical pulse 
duration -  or spectral width -  for the experiment under investigation. This feature, combined with the high 
optical pulse energy, Fourier-transform limited spectrum, and diffraction-limited beam quality makes the FEL an 
indispensable tool for linear and non-linear spectroscopy and experiments requiring high temporal resolution. 
Variable bandwidth pulses from the FELIX laser were used to systematically characterise the dynamics of the
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local vibrational modes of hydrogen (H+) in CaF2 [9]. First, a narrow laser bandwidth was used to investigate the 
dynamics (lifetime and dephasing) of the lowest excited state. Then, by increasing the bandwidth, additional 
states of the enharmonic ladder were included in the excitation, leading to quantum beating between the multiple 
excited states. Flexibility in the laser bandwidth enabled a clearer picture of the vibrational dynamics.
Previous characterisations of the optical output of FELs operating in the infrared part o f the spectrum 
have been limited to intensity autocorrelation measurements, with the noticeable exceptions of FROG 
measurements at Stanford [10], and experiments using a novel Rydberg atom based streak camera at (far-)infrared 
wavelengths [n]. The intensity autocorrelation measurements yield no information on possible asymmetries in 
the optical pulse, and, indeed, little information about the exact shape of the pulse is obtained: only its duration 
can be estimated. In this paper we describe results from a series of pulse shape measurements, obtained by cross- 
correlating the FEL pulse with an ultra-short Ti:Sapphire laser pulse. In these experiments detailed information 
is obtained about the shape of the pulse, and under certain conditions highly asymmetric optical pulses have been 
observed.
The experiments described in this chapter consist of two parts: one was performed on the mid-infrared 
FEL of the Stanford Picosecond Free-Electron Laser Centre [12] *, and one was performed on the long 
wavelength FEL of the FELIX facility in The Netherlands [13]. Both the infrared FEL facilities in Stanford and 
the Netherlands were designed to serve an international community of users from a wide range of scientific 
areas. Although the goals of the two facilities are very similar, there are significant technical differences between 
the FELs. The laser at Stanford is pumped by an electron beam from a superconducting linear accelerator (linac) 
and the laser cavity consists of highly reflecting dielectric mirrors, while FELIX uses normal conducting rf- 
linacs and operates with an intra-undulator waveguide and copper mirrors. It is therefore interesting to make a 
detailed comparison between the optical outputs of the two lasers. A summary of the relevant machine 
parameters for the two FELs is given in Table 5-1.
* The author gratefully acknowledges the data provided by the Stanford FEL group.
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Table 5-1. O verv iew  o f  a cce le ra to r  a n d  laser p a ra m e te rs  f o r  the m easurem ents taken  a t the tw o  d ifferen t FELs
Stanford mid-IR FEL FELIX far-IR FEL
Accelerator parameters super conducting normal conducting
RF-ffequency [MHz] 1300 3000
Electron bunch ffeq. [MHz] 11.8 1000
Charge per bunch [pC] 17 200
Bunch length (rms) [ps] 1.0 0.7
Beam energy [MeV] 32 13.1
Norm, emittance [10'6 k  rad] 8 70
Energy spread (rms) [%] 0.1 0.2
Laser parameters
Wavelength [pm] 6.3 150
Micropulse length (FWHM) [ps] 3-7 1-30
Micropulse energy [pJ] 2 17
Micropulse rep. rate [MHz] 11.8 1000
Macropulse duration [ps] 5000 10
Macropulse rep. rate [Hz] 20 10
Cavity length [m] 12.7 6.0
Cavity roundtrip loss [%] <1 20
Undulator period [mm] 31 65
Number of periods 72 38
Two main optical pulse length measurement techniques were used: differential optical gating 
measurements [,4] (see chapter 2), and electro-optic cross-correlation (see chapter 3). In the following sections, 
the experiments at Stanford and at FELIX are described. At Stanford, the DOG technique is needed, as the 
synchronisation between the probing TirSapphire laser and the FEL laser is poor. While the electro-optical 
sampling technique is adopted at FELIX, since the jitter is only about 400 f s  (rms) over a scanning time of 2 
minutes, the jitter can be even reduced to 50 f s  by using a rapid scanning technique. We analysed both sets o f
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data and the experimental data are compared to the results of a 1-D computer model that includes the effects of 
slippage and short electron bunches [15,16].
5.2 Experiments at the Stanford Mid-IR FEL
The experiments at the Stanford facility were performed at a central laser wavelength of 6.3 Jim, where 
the absence of strong atmospheric absorption ensures that there is no temporal distortion of the optical pulse. The 
cross-correlation measurements of the FEL intensity using a 60-fs Ti:Sapphire laser (Tsunami, Spectra Physics, 
Mountain View, CA, USA) were obtained using the differential optical gating technique to enhance the temporal 
resolution. The details of the technique are described in Ref. 7 (see also chapter 2). Here we will limit ourselves 
to a short description.
A schematic diagram of the experimental set-up is shown in Figure 5-1. The Ti:Sapphire (gate) beam is 
split into two arms, one o f which is delayed with respect to the other by a known amount 8. In both arms the FEL 
beam and the gate co-propagate through a AgGaS2 crystal and the corresponding sum-frequency signals are 
detected by silicon diodes. The essence of the technique is that although the FEL pulses and the Ti:Sapphire 
gating pulses are imperfectly synchronised (jitter in the system at Stanford has been measured to be of the order 
of 2 ps [17]) it is possible, by means o f an optical delay, to make two closely-spaced cross-correlation 
measurements separated by a time interval — 8 in Figure 5-1- that is well defined. The precise time at which each 
such pair of measurements is made is, by definition, uncertain; but each pair can be used to provide accurate 
estimates of both the average value and the time derivative of the pulse shape at the (unknown) time of 
measurement. By accumulating, in successive pulses, values of the FEL pulse shape and its derivative at 
different -  and still unknown -  times throughout the pulse, a phase-space representation o f the pulse is obtained 
from which its form, as a function of time, can be reconstructed.
The normal FEL resonator at Stanford consists of dielectric mirrors on ZnSe substrates, with a high 
reflector (R>99.5%), and an out-coupler (R=97.5%, 2 %  out-coupled). For the purpose of this experiment the out- 
coupler was replaced with another high reflector and measurements were made on the small fraction (<0.5%) 
out-coupled from it. The reduced losses allow the FEL to operate over a larger range of cavity detunings and 
allow the formation of longer optical micropulses.
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Figure 5-1. S c h e m a tic  o f  th e  e x p e r im e n ta l  s e t-u p  f o r  D if f e r e n t ia l  O p t ic a l  G a tin g  [ 14]  a t  a  w a v e le n g th  o f  6 .3  jam. 
T h e T i:S a p p h ire  ( g a te )  b e a m  is  s p l i t  in to  tw o  a rm s , o n e  o f  w h ic h  is  d e la y e d  w ith  r e s p e c t  to  th e  o th e r  b y  a  k n o w n  
a m o u n t 8. In  b o th  a r m s  th e  F E L  b e a m  a n d  th e  g a t e  b e a m  c o -p r o p a g a te  th ro u g h  a  A g G a S 2 c r y s ta l  a n d  th e  
c o r r e s p o n d in g  su m -fr e q u e n c y  s ig n a ls  a r e  d e te c te d  b y  s i l ic o n  d io d e s .
5.3 Experiments at FELIX
For the experiments performed at FELIX, cross-correlation with a 10 fs Ti:Sapphire laser (Femto Source 
Pro HP, Femto Lasers, Vienna, Austria) was used. Pulse shape measurements were performed at a wavelength of 
150 pm in the wave-guide far-IR FEL by means of electro-optic detection [18] in a ZnTe crystal. Since the jitter 
between the Ti:Sapphire laser and the FELIX FELs is only 400 fs (rms) on a time-scale of several minutes [19] 
and the optical pulse lengths at 150 pm are several picoseconds, the shape of the micropulses could simply be 
recorded by scanning the delay between the FEL and the Ti:Sapphire laser pulse trains. A diagram of the 
experimental setup is shown in Figure 5-2 and the method is described in more detail elsewhere [20]. The optical 
power spectrum is recorded in the evacuated diagnostic station with a spectrometer equipped with a 48-channel 
pyro-electric array [21].
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Figure 5-2. Schem atic o f  the e lec tro -op tic  c ross-corre la tion  set-up. The F E L -in duced b irefrin gen ce in a  ZnTe  
crysta l is  p r o b e d  w ith a  syn ch ron ised  Tv.Sapphire laser. A  S i-ph otod iode  m easu res the T i:Sapphire in tensity  
p a ss in g  through a  p a ir  o f  c ro ssed  po la risers .
5.4 Discussion
5.4.1 Exponential rising edge of the optical pulses
Figure 5-3 shows measurements of the optical pulse, taken on the Stanford FEL at a central wavelength 
of 6.3 pm, and at three different settings of the cavity detuning: AL = -7.65 pm (dotted line), -4.9 pm (solid 
line), and -1.65 pm (dash-dot line). The pulses are clearly asymmetrical and the semi-logarithmic plot of the data 
at in the inset (for AL= -7.65 pm) shows that the rising edge is an exponential with a time constant of 4.45 ps, 
while the falling edge is a Gaussian with FWHM = 2.3 ps. Data taken at FELIX, at a wavelength of 150 pm and 
at detunings A L — -100 pm (a), -300 pm (b) and -600 pm (c), shown in Figure 5-6, show similar exponential 
rising edges.
The exponential nature of the edge may be understood as follows. This is in fact the lea d in g  edge of the 
optical pulse, propagating in a cavity where the losses, characterised by the constant O t , reduce the pulse
intensity by a factor e~ a  in each round trip. In a perfectly synchronised FEL cavity, at saturation, the position of 
the leading edge of the optical pulse remains fixed with respect to the electron bunches at the start of successive 
round trips. When the FEL cavity is shortened by an amount AL, as in the cases described in this chapter, the 
optical pulse moves ahead of the electron bunch by a distance 2ALin each round trip. The front part of the 
optical pulse then decays from round trip to round trip because it has lost contact with the gain medium. In one
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round trip, the intensity at a point in this part of the pulse is reduced by a factor e  a  , and in the same round trip
the pulse is advanced with respect to the new electron bunch by an amount ^  — so that a steady state
c
c a t
develops in which the pulse profile in this region shows a time dependence 6  2AL i.e. with a time constant of
T — = ( l^L \ ^ L .  This effect was previously noted by Colson [15], although there appears to be a factor of
a c  a c  X
two discrepancy with the expression used in this paper.
Figure 5-3. FEL pu lse  sh ape a s  m easu red  a t th ree d ifferen t se ttin g s o f  the ca v ity  detun in g: -7 .6 5  fan (d o tte d  
line), -4 .9  p m  (so lid  line), a n d  -1 .6 5  p m  (dash -do t line). The in set show s the p u lse  g e n e ra te d  a t -7 .6 5  p m  in a  
sem i-logarith m ic  fo rm a t tog e th er  w ith  a f i t  to  an expon en tia l on the rising edge.
5.4.2 Cavity desynchronism and exponential time constants of the rising edge of the pulse
The data from both FELs exhibit this behaviour as shown in Figure 5-4, which shows graphs of the 
measured value of the leading edge time constant, T , against the normalised cavity detuning, A L/A together 
with values calculated from simulations of the micropulse evolution. Simulations were performed using a 1-D 
code [15,16] that, in the case of FELIX only, had been modified to take account of the waveguide in FEL-1. In 
both cases the simulations used values for the parameter (X obtained from independent cavity ring-down 
measurements. Figure 5-5, which is typical of a comparison between the measured and simulated pulse shapes 
for FELIX, shows that the 1-D code is able to reproduce the optical pulse shape accurately -  in this case at a 
detuning of -300 pm. The results from Stanford are shown in Figure 5-4(a): the experimental data are plotted as
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solid squares that are seen to follow the expected linear relationship; the results of the simulations are shown as a 
dashed line; and the least squares fit to the experimental data is shown as a solid line with a slope of 
4.4ps±10% . The argument presented in the preceding paragraph gives 22/ac = 4.6ps for 6.3 jim and
Ot = 0.0091 (corresponding to a measured cavity Q  ~ \ / a  of 110). Figure 5-4(b) presents the FELIX data (solid 
squares), a best fit line (solid) of slope 4.5 ps ± 6%, and the time constants obtained from the simulations (dashed 
line). In this case 2/1 / a c  = 4 .8p s for h =  150 |im and #=0.21 (obtained from independent measurements of
the cavity ring-down time) showing that the optical pulses have again evolved an exponential leading edge 
consistent with the mechanism described above. It is invariably difficult to determine the exact point of zero 
detuning, however this offset may be deduced from the requirement that the graphs of T against AL/2 pass 
through the origin: the FELIX data required the addition of 0.62 to the recorded values; no adjustment was made 
to the Stanford data.
to
Figure 5-4. M e a s u r e d  a n d  s im u la te d  e x p o n e n tia l t im e  c o n s ta n ts  o f  th e  r is in g  e d g e  o f  th e  p u ls e  a s  fu n c t io n  o f  
c a v i ty  d e sy n c h ro n ism . T h e d a ta  a t  6 .3  p m  f r o m  S ta n fo r d  is  s h o w n  in (a ) , w h ile  th e  1 5 0  p m  w a v e le n g th  d a ta  
ta k e n  a t  F E L IX  is  sh o w n  in (b). T h e  s o l id  lin e s  a r e  l in e a r  f i t s  to  th e s e  d a ta ,  th e  d a s h e d  l in e s  s h o w  th e  re su lts  
f r o m  s im u la tio n s  w ith  a  1 -D  c o d e  [ l5] . S e e  te x t f o r  d e ta i ls .
5-8
Figure 5-5. A  c o m p a r iso n  o f  th e  e x p e r im e n ta l  a n d  s im u la te d  o p t ic a l  p u ls e  s h a p e s  f o r  F E L IX  o p e r a t in g  a t  a  
w a v e le n g th  o f  1 5 0  p m  a n d  a t  a  c a v i ty  d e tu n in g  o f - 3 0 0  p m .
5.4.3 Time-bandwidth product of FEL pulses
The data from FELIX also include spectral measurements, which illustrate the potential flexibility in 
selecting pulse and spectral widths in an FEL by selecting an appropriate cavity detuning. A series of 
measurements at a wavelength of 150 pm and cavity detunings between -100 pm and -600 pm were made. 
Typical results are shown in Figure 5-6: pulses in the time domain (a-c) with corresponding power spectra (d-f) 
were measured at FELIX operating at a wavelength of 150 pm and at detunings AL  =  -100 pm (a/d), -300 pm 
(b/e) and -600 pm (c/f). A summary of the results is presented in Figure 5-7, which shows that the time- 
bandwidth product A tFWimA fFmm remains approximately constant at around 0.2 for normalized cavity detunings
in the range -1 to -5, corresponding to pulse durations in the range 2 to 27 ps. This was investigated further by 
calculating the dependence of the time-bandwidth product o f an idealized pulse -  with an exponential leading 
edge and a Gaussian trailing edge, joined at the maximum of the Gaussian -  on the time constant of the 
exponential part. It was found that the value of the time-bandwidth product was relatively insensitive to 
variations in the width of the Gaussian side over the range of values found in our measurements.
The solid curve in Figure 5-7 was generated by fixing the Gaussian half-width at a value of 12 ps and 
varying the time constant of the exponential over the range found in our experiments. In spite of the crudeness of  
the model, good qualitative agreement with experiment is obtained. At small detunings, where the exponential 
edge is very steep, the time-bandwidth product is dominated by the Gaussian part (the time-bandwidth product
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for a Gaussian pulse is 2 In 2 j j r  ~  0 .44) while for detunings of greater than one wavelength the time-bandwidth 
product varies slowly, dominated by the effect of the exponential edge and bounded below by the value of 
In 2 /2#  = 0.11 corresponding to a single-sided exponential.
w
c0
LULL
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D e la y  t im e  [p s ]  W a v e le n g th  [u rn ]
Figure 5-6. M e a s u r e d  o p t ic a l  p u ls e  s h a p e  (a ) - ( c )  u s in g  th e  E O -c r o s s -c o r r e la t io n  te c h n iq u e  d e s c r ib e d  in  th e  tex t, 
a n d  c o r r e s p o n d in g  p o w e r  s p e c tr u m  (d ) - ( f )  a t  a  w a v e le n g th  o f  1 5 0  p m  f o r  d if fe r e n t c a v i ty  d e tu n in g s  A L  o f  (a )  
- 1 0 0  p m , (b )  - 3 0 0  p m , a n d  (c )  - 6 0 0  fan . T h e p u ls e  le n g th  i s  c h a n g e d  f r o m  8 .5  p s  F W H M  (a )  to  2 1  p s  F W H M  in  
(c ). T he s o l id  l in e s  in d ic a te  e x p o n e n tia l  f i t s  to  th e  le a d in g  e d g e s .
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Figure 5-7. T im e -b a n d w id th  p r o d u c t  (F W H M ) m e a s u r e d  f o r  d if fe r e n t c a v ity  d e tu n in g s  ( s o l id  d o ts ) .  T h e p r o d u c t  
is  in  th e  ra n g e  0 .2 -0 .3  i f  th e  o p t i c a l  p u ls e  h a s  a n  e x p o n e n tia l  le a d in g  ed g e . T h e  p r o d u c t  g r o w s  to  0 .6  f o r  p u ls e s  
w ith  a  m o r e  G a u ss ia n  p u ls e  s h a p e . T h e s o l id  l in e  s h o w s  th e  c a lc u la te d  t im e -b a n d w id th  p r o d u c t  f o r  p u ls e s  w ith  
a n  e x p o n e n tia l  le a d in g  e d g e  a n d  G a u ss ia n  tr a il in g  e d g e . S e e  te x t  f o r  d e ta ils .
5.5 Conclusion
It has been shown that optical pulses in two very different FELs, operating in different regimes, evolve 
an exponential leading edge, and that the time constant for this exponential is proportional to the ratio of cavity 
detuning to the cavity loss parameter, (X . A  simple model has been presented to explain this effect. It has also 
been shown that the effect may be adequately modelled by a simple 1-D code and that the values obtained from 
the simulations are in good agreement with experiment both for the Stanford FEL and for FELIX. It has further 
been shown experimentally that the time-bandwidth product for pulses in an FEL pumped by short electron 
bunches remains approximately constant over a range of cavity detunings and indeed that this is in qualitative 
agreement with calculations made on a simplified pulse shape. This has important consequences for the design of 
new infrared free-electron laser user facilities that are driven by short electron bunches and that need to make a 
balanced choice between short pulses for high temporal resolution and narrow bandwidth for linear and non­
linear spectroscopy. Users of existing FELs may use this result to enable them to select the pulse width or 
spectral width most appropriate to the experiment being undertaken by choosing an appropriate cavity detuning.
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Chapter 6 Accurate measurement of the cavity synchronism of a 
far-infrared FEL using an electro-optical sampling technique
Abstract
In this chapter, we study the cavity synchronism of an FEL, which has a waveguide in the undulator. We 
also present a new method to measure the phase-synchronous cavity length of FEL with a precision of 1 Jim. This 
method is an extended application of the electro-optical sampling technique [’] ‘developed at FELIX [2].
6.1 Introduction
Free Electron Lasers are versatile laser sources, which can generate tunable, coherent, high-power 
radiation, and currently span wavelengths from sub-millimeter to UV and potentially into the x-ray region. As we 
discussed in chapter 4, the FEL can also produce high pulse energies in transform-limited pulses of variable 
bandwidth, which is very important, for some pump and probe experiments [3]. In an FEL oscillator, successive 
electron bunches periodically enter the undulator, where they co-propagate with stored optical pulse. By varying 
the cavity desynchronism between the period of electron beam injection and the round trip time of the optical 
radiation inside the cavity, it is possible to control the overlap between the electron pulses and the FEL pulses over 
many round trips. In fact, optical cavity shortening from perfect synchronism is required to compensate the effect 
of laser lethargy, which causes the group velocity of the optical radiation to be slower than the speed of light in 
vacuum (see chapter 1). For most of FELs operating at far-infrared spectrum region, it is necessary to employ a 
waveguide inside the undulator, as a waveguide can reduce diffraction losses at long wavelength and increase the 
transverse overlap between the optical pulses and the electron beams. In addition it can introduce a better fdling 
factor and therefore a larger gain. However, adding a waveguide will introduce appreciable group velocity 
dispersion in the optical pulses, and the effective cavity synchronism will be different due to the same group 
velocity dispersion.
* Details are described in chapter 3 and 4.
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FEL cavity synchronism is studied in this chapter. In the present FEL-1 at FELIX, the phrase- 
synchronous cavity detuning is not linear in the wavelength, as the waveguide introduces noticeable dispersion. 
The possibility of measuring the individual field cycles of the FEL micropulses with the electro-optical (EO) 
sampling technique (see chapter 4) is exploited to determine the phase-synchronous length of the FELIX cavity. 
The absolute value of the cavity detuning length is obtained with a precision of 1 pm. Using a fast detector, we 
also observed superimposed sinusoidal phase modulation of 25 MHz on the independent micropulses in the optical 
cavity. At a large detuning length, evolution of a subpulse with an abrupt phase change between the main pulse 
and the subpulse has been recorded.
6.2 Waveguide FEL
The user facility FELIX currently operates two FELs: with FEL-1 lasing from 30 to 250 pm, and FEL-2 
lasing from 5 to 30 pm. The operation range of FELIX has been extended to long wavelength FEL-1 by insertion 
of a one-dimensional parallel-plate waveguide inside the undulator.
Figure 6-1 shows the waveguide FEL-1 resonator. A parallel-plate waveguide with a narrow gap of 10 mm 
along the B  field direction (x) of the planar undulator is used to extend the FEL-1 to long wavelength up to 250 
pm. The pole faces of the undulator are in the vertical plane (y-z), and the two parallel plates o f the waveguide are 
in the vertical plane as well. In order to leave enough space for necessary diagnostics in the FEL-1 resonator, the 
waveguide only starts after the second dipole B2 of the bending chicane and extends all the way to the downstream 
mirror. Due to the abruptly terminated waveguide, a special configuration of the upstream and downstream mirrors 
has been arranged such that a single mode operation can be obtained with small diffraction losses. The mirrors 
have been chosen as follows. In the vertical plane, the optical beam is a simple Gaussian beam, therefore the 
downstream mirror is a cylindrical mirror with a radius o f curvature of 4 m, while the upstream mirror is an 
ellipsoidal mirror, also with a radius of curvature of 4 m. In the horizontal plane (guided direction), the radius of 
the upstream mirror has to match the wave front of the optical wave originating from the waveguide so that no 
higher order modes are excited when the optical wave is reflected back to the waveguide. In practice a few inter­
changeable upstream mirrors are used for phase matching over different wavelengths. It has been verified that 
single mode (lowest mode) operation can be achieved over the wavelength range of 40-250 pm by using this 
configuration of the FEL resonator [4].
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Figure 6-1 Schem atic o f  the FELIX long w avelen gth  FEL reso n a tor w ith a  p a ra lle l-p la te  w a veg u ide  in side the  
p la n a r  undulator.
In the dispersionless case ( k z =  k Q =  0)Q I  c ) ,  we define a synchronous cavity length L 0 such that the 
round-trip time of the optical pulse is an integer multiple of the repetition time To of the electron pulses: 
2L 0 = m T 0c . For FEL-1 operating at 1 GHz, m  — 4 0 , while at 25 MHz, m  = 1; L0 = 6 m. The phase difference 
between successive optical pulses is then equal to AO = co0mT0 - 2 k zLc , where L c is the actual (or effective) 
cavity length. Therefore, when we have AO = 2n7U (n=0, ±1, ...), and LC=L 0-A L , the phase-synchronous
detunings are proportional to the wavelength: AL =  n A / 2 .  In the case of dispersion, either due to the cavity 
configuration or the interaction with the electrons, the dependence of the phase-synchronous detunings on the 
wavelength is different. For this discussion, we neglect the effect of the electrons.
The round-trip phase change in an actual resonator depends on the cavity modes under consideration. For 
the different longitudinal modes, the phase difference between successive modes is just 2tc, therefore the cavity 
synchronism is independent of the longitudinal modes. For the different transverse modes (either Gauss-Hermite 
or Gauss-Laguerre modes), the round-trip phase is defined as:
A<E>= co0mT0 — 2k zLc + Adbc Equation 6-1
where A<DC is the Guoy phase [5], and for Gauss-Hermite modes (p,q-order)
AOG =  2 ( p + q + Y )  [arctan^ / L R ) + arctan(L2 / L r ) ]  Equation 6-2
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or for the Gauss-Laguerre (axisymmetric p-order)
AOc = 2(2/7+1) [arctani^ /  ) + arctan (L,/Z^)] Equation 6-3
where Lj, L2 are the distance from the mirrors to the waist position, and L R is the Rayleigh length. For a cavity 
much longer than twice the Rayleigh length and with a waist more or less at the center of the cavity, Ad>G = I n n ,
where n is an integer number. Therefore it has no visible influence on the cavity synchronism.
In FELIX FEL-2, without the waveguide, the Rayleigth length is about lm, and the cavity length is about 
6 m. These give AOG ~ 0.8 • 2/r for the lowest order mode. The Rayleigh length, as well as the Gouy phase A<3>G,
does not depend on the wavelength. The corresponding exact phase synchronous cavity length (n=0) is about one 
half wavelength longer than L0 defined above. The phase-synchronous cavity length of a FEL without waveguide 
is proportional to the wavelength of the optical radiation in the cavity.
L  =  L 0 + ( A ® G/ 2 7 T - n ) - Equation 6-4
In the present FEL-1, the phase-synchronous cavity detuning is not linear in wavelength, as the 
waveguide introduces noticeable dispersion [6]. We will discuss the successive round-trip phase difference in three 
parts, and only the lowest order mode (p=q=0) will be take into account. Firstly, phase change over the waveguide
0  7T l 2 4with length of L w, AOw = - 2 k  L w = (1 -  -  ----)2L w ■> where g is the width of the waveguide, and g  » X [ ].
X  8g
Secondly, in the vertical (unguided) direction, the beam is still a Gaussian with a Rayleigh length determined by 
the mirror curvature, we have L^ = 1.73m and the Guoy phase shift A<E>cl, = 2tt/ 3 - Finally, we need to consider the
phase change over the part of cavity without waveguide. We have in the horizontal direction 
AOx = - 2 k 0 (L c - L w) +  AOgx , where A<X>cx is the Guoy phase shift in the horizontal direction on this part of the
cavity and Lc — L w is a constant because the change of the cavity length is made inside the waveguide. As the
beam is not Gaussian in this direction, we numerically compute the one-dimensional Huygens integrals (in the 
Fresnel approximation) for the profile of optical field propagating from the waveguide exit to the upstream mirror 
and back to the waveguide. It is found that the Guoy phase shift is approximately proportional to \ jX  and
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A<Dct = a  + b j/1  . In order to obtain single mode operation, a few inter-changeable mirrors are used for different 
wavelength ranges [4] and the coefficients a and b  are different for each mirror.
The total round-trip phase shift is A<D = G)0m T0 -A<X>K, - AOx + A<E>CV, . When AO = 2 r if t , we find out 
that the corresponding phase-synchronous cavity-detuning length is:
a r / 1  \ ^ r LWA (aA +  b) l iAL (A) — — I n H------— +   --------- - —  I Equation 6-5" 2 4g 2 2kA 3 J
Where the second term is caused by the dispersion of the waveguide, L,v is the length of the waveguide (4.345m), 
and g  is the gap of the waveguide (10mm). The third term is caused by the Gouy phase shift in the horizontal 
direction in between the end of the waveguide and the upstream mirror. The last term is from the Gouy phase shift 
in the vertical direction, and corresponds to a phase shift of 2;r/3 in our case.
6.3 Experiment
Figure 6-2 schematically shows the experimental setup of the electro-optical detection method, which is a 
cross-correlation measurement, based on the Pockels effect [7]. Using the electro-optical detector one can sample 
the electric field of an FEL micropulse. The Ti:Sapphire pulse repetition frequency is phase-locked to the electron 
pulse repetition frequency and therefore also to the FEL micropulse at saturation, when the pulse shape has 
become stationary. So, at a fixed setting of the optical delay line, the TiiSapphire pulses sample the FEL output at 
a fixed position in the micropulse. However, this is only true with regard to the envelope of FEL micropulse. The 
phase of the FEL carrier wave shifts in each round-trip with respect to the envelope by an amount 
AO=2#(2AZ/2), due to the applied cavity detuning AL, where X is the wavelength of the FEL optical pulse. This 
phase shift leads to a beat oscillation in the observed signal (see Figure 6-3) with f  =  — cA L /A ,L 0 [!] (see
chapter 4, page 4-8), where L0 is the FEL cavity length (6 m). The phase of the beat signal varies from macropulse 
to macropulse, because the optical field develops from spontaneous emission and its phase is not fixed to the 
TiiSapphire pulses.
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Figure 6-2. The experim en ta l se tu p  o f  ph a se  sen sitive e lec tro -o p tic  m easurem ents o f  the FEL o p tic a l  pu lses.
The possibility of measuring individual field cycles of the FEL micropulses is used to determine the 
phase-synchronous length of the FELIX cavity. When AL n = n /1/2 i n -  0,±1,...), the phase advance per round-
trip is just 2 w r  , and therefore indistinguishable from zero, and the beat-frequency modulation of the measured 
signal will be absent. So the observed beat frequency is actually /  mod(c/2L). The wavelength dependence of
the phase-synchronous condition allows the determination of the integer number k  and therefore the exact cavity 
detuning length. In a dispersionless cavity there is an exact zero detuning cavity length (synchronism position) for 
all wavelengths ( n  = 0), as AL n is independent of X  only when n  = 0. In our present situation, the waveguide in
FEL-1 introduces appreciable dispersion. Taking the dispersion of the waveguide and the effect of the Gouy phase 
shift in the FEL cavity into account, the phase-synchronous lengths can be approximated by Equation 6-5. The 
solid curves in Figure 6-4 show the calculated results for different n values, while the data points indicate the 
experimental results of the phase-synchronous cavity length for a large range of wavelengths in the waveguide 
FEL. The integer number n for the experimental cavity detuning length has been determined by fitting the vertical 
position of the measured data to the theoretical curves. In this way, the absolute value of the cavity detuning length 
is obtained with a precision of ~lpm.
Due to the well-known lethargy effect (see chapter 1,section 1.3.2), the group velocity of the FEL pulse is 
reduced during build-up but it will recover to c  (its vacuum value) as the FEL pulse reaches saturation. In the 
waveguide, the group velocity of the FEL pulse is reduced to c (l-A 2/8g2) [4]. In order to achieve effective small- 
signal gain, the FEL has to start up at a sufficiently negative cavity detuning length. As illustrated in Figure 6-4 by 
the dashed line, the zero detuning length for the pulse envelope at saturation is obtained at aLe = -L w/l2/8g2-
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Indeed, o n e c a n  see  that the F E L  ca n  on ly  run at c a v ity  detun ings b elo w  the d ash ed  c u rv e . It is n ot c le a r  y e t w hy at 
long w av elen g th s no lasin g  cou ld  be ob tained  at sm all d etunings.
F ig u r e  6 - 3 .  The e lec tro -op tic  sign al reco rd ed  during  a  FEL m a crop u lse  w ith 1 4 8p m  a n d  
AL = 38+azxA /2( n =  0,±1,...) pm . The o b se rved  b e a t resu lts fro m  a  p h a se  sh ift p e r  roun d-trip  o f  2 7 ix 2  A L / A o f
the FEL c a rr ie r  w ave w ith  respect to  the T i:Sapphire p u lse  train, causing the T i'.Sapphire p u lse  tra in  to sam ple  
different p h a ses  o f  the e lec tr ic-fie ld  cycles, so  the ex p ec ted  osc illa tion  freq u en cy  is  5  M Hz,
F ig u r e  6 - 4 .  P hase-synchronous ca v ity  detuning lengths f o r  d ifferen t w ave len g th s in FEL-1. The d a ta  p o in ts  a re  
the experim en ta l results. The so lid  lin es are the ca lcu la ted  resu lts f o r  d ifferen t in teg er  nu m bers n a s  m a rk ed  a t the  
righ t s id e  o f  th is figu re . The d a sh ed  line is  the effective zero-detu n in g  length  f o r  the FEL p u lse  en velope  a t 
saturation , an d  g ives  the u pper lim it f o r  the ca v ity  detun ing lengths a t which the FEL w ill lose.
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Electro-optical detection of individual field cycles of FEL micropulses is also performed with a fast 
detector, using the experimental setup in Figure 6-2. In this experiment, the probing pulses from the ultra-short 
Ti:Sapphire laser is generated at frequency of 100 MHz, while the FEL is running at 1GHz repetition rate by 
seeding 40 independent optical radiation pulses at one time in its 6-m long optical cavity. The Ti:Sapphire pulse 
was therefore synchronised with every 10th of successive FEL pulses. Using a fast detector, one can see clearly 
that the experimental data shown in Figure 6-5 consist of 4 sets of traces, which correspond to 4 independent 
optical pulses probed by the Ti:Sapphire laser. It is clearly seen that those independent micropulses intend to 
develop their phases to be close to their neighbouring pulses. In Figure 6-5, micropulse #1 has a closer phase to 
micropulse #31 (notice that number 41 is just the replica of micropulse #1), while micropulse #21 has a similar 
phase to micropulse #31. In another words, the optical cavity somehow constraints the phase of those micropulses, 
which might be expected to have a random initial phase due to the independence of the gain medium of freshly 
injected electron pulses. It is not difficult to understand that those pulses apart by 40 ns (repetition rate=25 MHz) 
should have the same phase, as they are just replicas of themselves after a round-trip in the optical cavity. For the 
results shown in Figure 6-5, we hypothesise that there is an internal superimposed sinusoidal phase modulation of 
25 MHz, but it is still unclear where comes the 25 MHz modulation, and why the phase difference among those 
independent micropulses becomes smaller as the macropulse reaches saturation.
Figure 6-5 Four indepen den t m icropu lses inside the FEL ca v ity  have an in tern a l p h a se  rela tion  w ith  th e ir  
neighbouring pulses, which ind ica tes a  su p erim p o sed  s in u so ida l p h a se  m odu la tion  o f  2 5  M H z on th ese p u lses  
when the FEL is running a t 1 GHz.
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Figure 6-6(a) shows the electric field of the micropulse at an intermediate cavity detuning length, where a 
dynamic balance between the laser lethargy and saturation of optical power is reached. At this stage, the 
micropulses consist of sets of successively growing and decaying subpulses [8]. The evolution of subpulse is 
clearly presented here. Abrupt phase change is recorded in this graph, and this result is consistent with the optical 
power spectrum shown in Figure 6-6(b), where asymmetric sidebands are seen due to a sudden phase change in the 
time domain of the optical pulse.
Figure 6-6 (a) E volu tion o f  su bpu lses a t  la rg e  ca vity  detun ing length. O ne can  see  c lea rly  an a b ru p t p h a se  change  
(180°) betw een the m ain p u lse  a n d  the subpulse, (b ) Asymmetric sidebands are seen in the optical power spectrum 
due to a sudden phase change in the time domain of the optical pulse.
6.4 Conclusion
Accurately measuring the desynchronism of FEL cavity becomes more important, as in a recent work 
[Y0,11], it was found that modulating the desynchronism provides a new method of controlling the pulse length 
and the output power of an FEL. However, adding a waveguide inside the undulator of a long wavelength FEL 
introduces noticeable dispersion, therefore the dependence of the phase-synchronous cavity length on the 
wavelength is not linear any more. We have studied the cavity synchronism theoretically and verified this with 
experimental data. Using the electro-optical sampling technique, we have obtained the phase-synchronous cavity 
length of FEL-1 at FELIX with a precision of 1 pm.
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Using a fast detector, we have further studied the internal phase relation among independent micropulses 
in the FEL optical cavity. It was found that the phases of optical radiation pulses exhibit an internal sinusoidal 
modulation of 25 MHz, in spite of the fact that those optical pulses are derived from independent freshly injected 
electron pulses.
An abrupt (180°) phase change between the main pulse and the subpulse of the optical radiation was also 
observed at a larger detuning length. This phenomenon explains the asymmetric sidebands seen in its spectral 
measurement.
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Chapter 7 Sub-picosecond electro-optic measurement of relativistic
electron pulses
Abstract
Time resolved measurements of the transverse electrical field associated with relativistic electron 
bunches are presented. Using a modification of the rapid scanning technique described early in chapter 4 and an 
ultra-fast electro-optical sensor close to the electron beam, the longitudinal profile of the electric field was 
measured with sub-picosecond time resolution and without time reversal ambiguity. Results are shown for two 
cases: inside the vacuum beam line in the presence of weak fields, and in air behind a beryllium window, 
effectively probing the near-field transition radiation. Reconstruction of the longitudinal electron bunch shape is 
straightforward, especially in the latter case.
7.1 Introduction
Many applications based on relativistic electron bunches require an accurate measurement of the peak 
current. For this, the duration and possibly the shape of the electron bunch have to be measured. Free Electron 
Lasers (FELs) are important devices that use high-peak current electron bunches and are well-established 
tuneable radiation sources in the (far)-infrared part of the spectrum. Considerable effort has been made, notably 
at DESY [ ] and SLAC [ ], to extend the operating wavelength range into the XUV and soft x-ray part of the 
spectrum. Crucial for the success of these projects is the demonstration of self-amplified spontaneous emission 
(SASE) at short wavelengths. In the SASE mode of operation, an ultra-short, high-peak current, relativistic 
electron bunch is used to amplify its own spontaneous emission radiation to saturation in one pass through the 
undulator. Important parameters in these experiments are of course the length and shape of the driving electron 
bunch, which, together with the total charge in the bunch, yield the current profile. For example, for the DESY 
project [*], a 25 GeV electron beam with a fwhm bunch length of about 180 fs with InC charge per bunch is 
planned.
While there are a large number of excellent diagnostics available to measure the shape and duration of 
ultra-short laser pulses, few measurement techniques exist for short electron pulses. A streak camera system
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detecting the light pulses generated by the electrons at a target screen was shown to have a limiting resolution of
1.6 ps fwhm [3]. Recently, an off-phase rf-acceleration method has been demonstrated to measure the 
longitudinal density profile of relativistic electron bunches with sub-picosecond time resolution [4], but this 
approach requires magnetic longitudinal dispersion, an off-phase rf-accelerator section, and an energy 
spectrometer. In addition, it interferes with normal beam operation and can only measure the beam profile at one 
particular position in the beam line. Most other diagnostics available to characterize short electron bunches have 
employed a method that was first described in references [5] and [6]. In this approach the electron beam is passed 
through a thin foil, and then the electron bunch profile is reconstructed by measuring the spectrum of the 
coherent part of the emitted transition radiation (usually in the THz-frequency range), and Fourier-transforming 
this to the time-domain. The method relies on the use of the Kramers-Kronig relations for the reconstruction 
process and requires an extrapolation of the measured spectrum to zero frequency. Furthermore, although an 
asymmetric pulse shape can be obtained, the method cannot distinguish between the leading edge and trailing 
edge of the pulse. In this chapter we present measurements based on a completely different approach which 
avoids these limitations and does not disturb the electron beam. The method is based on the Pockels effect [7] 
(see also chapter 3). By rapid scanning the delay between the electron pulse train and the synchronised 
TiiSapphire pulse train the electric field profile, including its sign, is measured (assuming all the pulses are 
identical, see chapter 4 for details). In the relativistic limit, the measured electric field profile is directly 
proportional to the longitudinal density distribution of the electron bunch.
7.2 Coulomb field of a relativistic electron beam
The Coulomb field of a relativistic electron beam moving in a straight line is concentrated in the direction 
perpendicular to its trajectory, within an angle of the order of 2/y [8], where y is the Lorentz factor. An electro- 
optic sensor, placed close enough to the beam so that the field of different parts of the electron bunch can be 
distinguished, is used to sample the Coulomb field of passing electron bunches. The time resolution, x, when
probing the field at a distance of R from the centre of the electron beam, can be estimated as x«2R/yc (where c
is the speed of light in vacuum) [9]. As an example, with R=6 mm and y=90, corresponding to a beam energy of 
about 46 MeV, one has x=0.44 ps, and the resolution clearly improves at higher energies. When the probe pulse 
and the electron field pulse traverse the sampling crystal at the same speed, the magnitude of the electro-optic 
effect is proportional to the crystal length. However, in reality, there is a velocity mismatch due to the dispersion
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in the material, which limits the maximum length at a fixed time resolution. A more important aspect of the 
dispersion is the response time of the sample’s electric polarization. ZnTe has a TO-phonon resonance at 5.3 
THz, which means that an electric field pulse shorter than about 200 fs will be distorted and attenuated. It has 
been shown, however, that frequencies up to 37 THz can still be measured with ZnTe [,0] and the effects of the 
dispersion and absorption can be modelled accurately [l1]. An alternative electro-optic sensor material suitable 
for shorter pulses appears to be GaP, which has its fundamental TO-phonon resonance at 8.7 THz.
7.3 Experimental setup
Figure 7-1 shows the experimental setup used for the electro-optic sampling of the relativistic electron 
pulses, which are produced by the radio-frequency linear accelerator at the FELIX FEL facility in the 
Netherlands [,2]. Relevant beam parameters are given in Table 1. The electron bunch profile is measured at two 
positions: at the entrance of the undulator (position (a)) and behind the exit of a Beryllium window (position 
(b)). A mode-locked Ti:Sapphire laser producing a 12-fs pulse at 800 nm with a repetition rate of 100 MHz is 
employed as a probe beam, and is actively synchronised to the accelerator rf-clock [,3]. A 0.5mm thick <110> 
oriented ZnTe crystal (Ingcrys, U.K.) is used as an electro-optic sensor and is placed perpendicularly to the 
propagation direction of the electron beam. The polarisation direction of the laser probe pulse is set to be parallel 
to the <001> axis of the ZnTe crystal for optimal electro-optic modulation. The repetition rate of the electron 
bunch can be changed electronically via a rf-phase shifter which sweeps the electron pulse train over the 
Ti:Sapphire pulse train at a speed of a few picoseconds per microsecond (see also chapter 4), and the complete 
electric field profile is thereby measured within a few microseconds. An additional advantage of this rapid 
scanning technique is that on a time scale of a few microseconds there is a negligibly low jitter of approximately 
50 fs between the TirSapphire pulse train and the electron pulse train [14].
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Balanced
Figure 7-1. E xperim ental se tu p  o f  th e e lec tro -op tic  m easu rem en t o f  the sh ap e o f  re la tiv istic  e lec tron  bunches. 
The e lectron  bunch pro file  is m easu red  b y  using an e lec tro -o p tic  c ry s ta l o fZ n T e  a t tw o  p o sitio n s: (a) a t  the  
en trance o f  the undulator in side  the vacuum  p ip e ; (b ) in am bien t a ir, b e tw een  the B eryllium  w in d o w  a n d  th e  
cu rren t dum p (T i:Sapphire beam  p a th  an d  the c ry s ta l a re  n o t show n). The sh a d ed  p a r ts  in d ica te  th e vacuum  
housing f o r  the electron  beam .
Table 7-1 P aram eters o f  the elec tron  beam  u sed  f o r  the e lec tro -o p tic  m easu rem en ts a t  FELIX.
Beam energy 46 MeV
Energy spread (rms) 0.2%
Normalised emittance 50n: mm mrad
Bunch charge 200 pC
Micropulse spacing 1 ns
Macropulse duration < 8 ps
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7.3.1 Non-intercepting Method— Measuring Wake Fields Of The Electron Beam
In the setup at (a) in Figure 7-1, the electric field is measured at the entrance of the undulator inside the 
vacuum pipe, while the FEL is lasing properly. The electron beam has a diameter of approximately 1 mm at this 
position and the crystal is located 6 mm from the centre of the electron beam. The probe laser pulses propagate 
in the electron beam direction passing through entrance and exit glass (Kodial) windows, which maintain the 
polarization state of the probe laser pulse. Figure 7-2 shows measurements of the observed electric field profile. 
In the case of Figure 7-2(a), the large peak (marked by an arrow) represents the direct field of the electron 
bunch. It is known that the electron beam at FELIX consists of well-defined bunches of length ~ 2 ps separated 
in time by 1 ns. The electric field of the bunch at the crystal will always have the same sign, and the other parts 
of the signal that have both positive and negative signs are therefore attributed to the wake fields excited by the 
electron bunches, due to unavoidable discontinuities in the beam pipe [15] and in the measurement system itself. 
We have also performed measurements with a 40 ns interval between the electron bunches and in that case there 
was no measurable signal preceding the main peak. This shows that the oscillations are excited by the passing 
electron bunch and have not completely disappeared after 1 ns. The ability to measure wake fields in situ with 
high temporal resolution may prove useful in cases where these fields give rise to degradation of the beam 
quality. The shortest electron bunch we have measured is about 1.7+0.2 ps fwhm, as illustrated in Figure 7-2(b),
and the time resolution (estimated as x~2R/yc [9]) is about 0.44 ps in this configuration. The electric field
strength at the ZnTe crystal position can be calculated as E=Q/27C£oRLb, where Q is the total charge of the 
electron bunch and Lbis its effective length [9]. In our case, the electric field strength is approximately 12 kV/cm 
at the crystal, leading to a sensitivity of our technique of around 1 kV/cm for a S/N=l. The accelerator settings 
used to drive the FEL at FELIX result in a clearly asymmetric pulse shape. The steep rising edge of the electron 
bunch is consistent with the observed enhancement of the coherent spontaneous emission, which can 
considerably facilitate the startup of a short-pulse FEL at longer wavelengths [16], and is consistent with 
simulations [ ] based on a general particle tracking code [ ].
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Figure 7-2. The e lec tr ic  f ie ld  p ro file s  m easu red  a t th e  en tran ce o f  the un dulator in side the vacuum  p ip e , w hile  
the FEL is running p rop erly , (a ) E lec tr ic  f ie ld  p ro f ile  m easu red  o v e r  severa l hu ndred  p ico secon d s, the large  
p o sitiv e  p ea k  m arked  b y  an  a rro w  is  the d irec t f i e ld  o f  the p a ss in g  elec tron  bunch, w hile the o th er  p a r ts  o f  the  
sign a l are a ttr ibu ted  to  the effects o f  the w ake f ie ld s  ex c ited  b y  the elec tron  bunches in the beam  p ip e , (b ) The 
electron  bunch p rofile  m easu red  inside the vacuum  p ip e  h as a  c lea r ly  asym m etric  p u lse  sh a p e  a n d  the sh ortest 
p u lse  length m easu red  is  ab ou t 1 .7± 0 .2  p s jw h m .
Figure 7-3 illustrates the measured duration of the electron bunches as a function of the phase setting of 
the prebuncher input RF-field. In normal use at FELIX, the prebuncher is used to apply a decelerating field to 
the leading part of the electron bunch and an accelerating field to the trailing edge of the bunch. It gives a ramp 
in the energy of electrons with respect to the longitudinal distribution in the bunch. In the drift space between the 
prebuncher and the buncher, the modulation of the energy of the electron bunch results in a substantial 
compression of the electron bunch. Indeed, from Figure 7-3, it can be seen that the electron bunch profile is 
quite sensitive to the setting of prebuncher and the fwhm length may be varied between 1.7 ps and 4.1 ps.
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Figure 7-3. M ea su red  du ra tion  o f  electron  bunches a s  a  ju n c tio n  o f  the p h a se  se ttin g s  o f  the p reb u n ch er  input 
RF-field.
7.3.2 Intercepting Method— Probing The Near-Field Transition Radiation
In a second experiment, the electric field profile is measured at the position shown at (b) in Figure 7-1, 
where the beam propagates in air after passing through a Beryllium window and before being dumped. The 
beam diameter is about 3 mm at the Be window. The field is probed at a distance of about 6 mm from the centre 
of the electron beam and 120 mm from the Be window. Figure 7-4 shows experimental results, where the solid 
line represents the electric field profile with the accelerator settings normally used for running the FEL, and the 
dotted line is obtained by slightly adjusting the phase of the prebuncher. From the steep rising edges and the 830 
fs fwhm pulse duration of the dotted curve, it is seen that a sub-picosecond time resolution can be achieved with 
this electro-optic sampling technique. Note that at this position, the electron beam is dispersed in the horizontal 
plane. Therefore, for the dotted line, an energy ramp over the bunch causes the probe laser beam to sample only 
part of the dispersed bunch, leading to a smaller signal and a narrower time profile. In these experiments, there 
are no surrounding conductive walls, and indeed, no observable wake field effects. In order to minimize the 
beam spreading after the Be window, the measurement is performed at a relatively short distance of about 120 
mm behind the window. At such a distance, the field of the electron bunch has not yet recovered its normal free 
space configuration at 6 mm from the beam line. Instead of the undisturbed Coulomb field, what is detected can 
be considered to be the near field of the transition radiation generated by the Be window [19]. However, in the 
present case, the resulting signal should still give an accurate representation of the longitudinal charge density. 
The time resolution of our measurement in this configuration is not determined by the spreading of the Coulomb
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field anymore, but by the finite spot size of the electron beam at the Be window. This finite spot size causes the 
transition radiation from different parts of the spot to arrive at different times at the sampling crystal. Given the 
spot size of the electron beam and crystal position, a resolution of 0.5 ps is estimated.
Figure 7-4. N ear-fie ld  p ro file  o f  the transition  radia tion  g en era ted  b y  the e lec tron  bunch a t the ex it o f  a  
B eryllium  w in dow  m easu red  w ith  su b -p s  tim e resolu tion. S o lid  line: a cce le ra to r  se ttin g s  n o rm a lly  u sed  f o r  
running the FEL optim ally. D o tted  line: p h ase  o f  the a cce le ra to r  p reb u n ch er  sh ifted  b y  a b o u t 1 0  d eg rees  a t 1 
G H z.
7.4 Conclusion
Time-resolved measurements of the transverse electric field associated with relativistic electron bunches 
are presented. Using an ultra-fast electro-optic sensor close to the electron beam, the longitudinal profile of the 
electric field was measured with sub-picosecond time resolution and without time-reversal ambiguity. Results 
are shown for two cases: inside the vacuum beam line in the presence of wake fields, and in air behind a 
Beryllium window, effectively probing the near-field transition radiation. Reconstruction of the longitudinal 
electron bunch shape is straightforward, especially in the later case.
Although we have demonstrated a non-intercepting approach for relativistic electron bunches based on 
the electro-optical detection, which can measure the electron bunch profile within one macropulse using the 
rapid scanning technique, it requires constant micropulses during the measurement. In order to study bunch to 
bunch fluctuations, it is necessary to measure the length and pulse shape of individual electron bunches. 
Therefore a real-time single shot measurement is proposed at FELIX [20], and this technique will be introduced 
in chapter 8.
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Chapter 8 Closing Remarks
8.1 Achievements
In this thesis, we have discussed ultra-fast diagnostic techniques for both optical pulses and electron 
pulses at FELIX FEL facility in the Netherlands. In order to measure pulses shorter than the response time of a 
conventional detector, a non-linear optical gating technique has been employed. The most common and easy 
method is to use the optical pulse itself as the gating pulse. Autocorrelation can provide a clean measurement of 
optical pulse length, but it can not provide information on asymmetric pulse shape. Using cross-correlation of the 
source pulses with ultra-short laser pulses (such as ultra-short Ti:Sapphire laser), it is possible to obtain both the 
length and shape of the source pulses with a sub-picosecond time resolution.
This first cross-correlation measurement of the FEL optical pulses was done by using the differential 
optical gating technique with a 10-fs unsynchronised Ti:Sapphire laser and a sum-frequency generation in a 
AgGaS2 crystal as the gating mechanism. By employing a differential technique to simultaneously measure the 
intensity of the infrared optical pulse and its time derivative, we have reconstructed the pulse shape with a time 
resolution of the order of 100-fs. In the DOG measurements, the jitter between two lasers is not an issue, in fact, 
it is an advantage here, because it helps the probe laser (Ti:Sapphire) to sample the FEL pulse at different 
positions, therefore one can accumulate the complete map of the intensity and its derivative of the FEL pulse. 
The DOG technique has also several disadvantages. Firstly, it requires a constant micropulse shape during the 
measurement, while the measurement itself might require many minutes in order to accumulate enough data 
points in the intensity-derivative map. Secondly, there is a difficulty in bridging the leading edge and trailing 
edge of the measured pulse, as there is uncertainty at the peak of the pulse where its derivative is zero. Further 
study of synchronisation between the Ti:Sapphire laser and the FEL at FELIX encouraged us to use other 
diagnostic techniques, as the jitter measured in our experiment was only about 400 fs rms over a scanning time 
of 2 minutes, by using an optical delay line, and the jitter can be further reduced to <100 fs (~50 fs) over a 
scanning time of 10 ps, by using a rapid scanning technique.
Theoretical and practical investigations of electro-optical detection technique, based on the Pockels 
effect, have been undertaken following the successful DOG measurements. Two types of configuration of
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detection have been demonstrated. This technique is particularly sensitive because the Pockels effect is linear in 
the applied electric field, and also the detection can be done in the visible, where excellent detectors and 
polarisers are available. By using a configuration of a balanced detector in the experimental setup, it is possible 
to obtain not only the intensity profile of the source pulse, but also the individual electrical cycles under its 
envelope.
Using electro-optical detection technique as a powerful diagnostic tool for sub-picosecond optical 
pulses and electron bunches, we were able to study the FEL physics systematically. The FELIX user facilities 
can generate intense picosecond far-infrared laser pulses from 30-250 pm in a waveguide free-electron laser. The 
electric field profile of the FEL optical pulses has been characterised with a rapid-scanning cross-correlation 
technique with an actively synchronised 10-fs Ti:S laser. This technique allows complete characterisation of the 
optical output as well as accurate experimental determination of one of the most important parameters for free- 
electron lasers, the absolute cavity detuning with a high precision of 1 pm. The shortest pulses observed at 150- 
pm have a length of only 18 optical field cycles at the fwhm of the intensity profile. The combination of short 
pulse duration, high pulse energy, and diffraction-limited beam quality leads to unprecedented power densities of 
up to 0.1 GW/cm2, allowing non-linear experiments in a wide range of the far-infrared spectrum.
The detailed shape of picosecond optical pulses from a free-electron laser (FEL) oscillator has been 
studied for various cavity-detunings. For large values of the cavity detuning the optical pulse develops an 
exponential leading edge, with a time constant proportional to the applied cavity detuning and the quality factor 
of the resonator. This behaviour has been observed at two separate FELs that have completely different resonator 
layouts and electron beam characteristics, and using different methods of optical pulse length measurement. The 
optical pulses have a full width at half maximum time-bandwidth product • f FmjM of 0.2-0.3. The
results obtained here can be used to predict the optical pulse length and corresponding minimum spectral width 
that can be generated in a FEL pumped by short electron bunches. This is important for the design of new 
infrared free-electron laser user facilities, which need to make a balanced choice between short pulses for high 
temporal resolution and narrow bandwidth for linear and non-linear spectroscopy.
Although a range of electron bunch diagnostics is available to measure the transverse spatial profile of a 
relativistic electron beam, few exist for measuring the longitudinal profile. The most common technique is based 
on spectral measurements of the coherent millimetre-wave transition radiation [’], but such methods suffer from
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inaccurate low frequency spectral content. We have demonstrated a new method, which is a non-destructive 
approach based on the electro-optic sampling of the electric field generated by the electron beam when it passes 
close to a non-linear crystal such as ZnTe. The electric field is probed via the Pockels effect by observing the 
polarisation rotation of a Ti:Sapphire laser beam passing through the crystal. Again, by using the rapid scanning 
technique, the longitudinal profile of the electric field of electron pulse was measured with sub-picosecond time 
resolution and without time reversal ambiguity. By changing the delay between Ti:Sapphire laser and the 
electron beam, we also detected the wake fields travelling together with the electron pulses. Wake fields are 
electric fields which are caused by the interaction of the electric field of the electron bunches with the geometry 
of the resistive wall of the accelerator beam pipe. In linear accelerators with a high electron bunch charge, 
characterisation and control of wake field effects are important in order to minimise energy spread and emittance 
growth. The knowledge about the accurate profile of the electron bunch itself and its wake field will contribute 
to further improvement of the PEL at FELIX.
8.2 Plans for future work
Dense, relativistic, sub-picosecond electron bunches are essential for the success of the advanced 
accelerators employed in new TeV linear electron-positron colliders for high energy physics, as well as the next 
generation of FEL based on self amplified spontaneous emission (SASE) within one bunch. Examples of such 
projects are, the TeV Super-conducting Linear Accelerator (TESLA) at DESY with its integrated SASE FEL [2], 
and the Next Linear Collider, or SASE-type Linac Coherent Light Source at SLAC [3]. The principles of SASE 
have been intensively studied theoretically, and tuneable X-ray lasers are being designed on the basis of SASE. 
Recently, the onset of SASE has been observed experimentally at longer infrared wavelengths, which is an 
important step forward, but progress is hindered because little experimental information is available on the 
detailed characteristics of the electron bunch length and shape.
Although we have demonstrated a non-intercepting approach based on the electro-optical detection, 
which can measure the electron bunch profile within one macropulse using the rapid scanning technique, it 
requires constant micropulses during the measurement [4]. However, it has been known that pulse-to-pulse 
variations of electron beam parameters contribute to unwanted fluctuations of the energy in the SASE-FEL 
photon radiation pulses. In order to study bunch to bunch fluctuations it is necessary to measure the length of 
individual electron bunches. The measurement of the individual electron bunch profile will allow the
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investigation of the origin of the fluctuation of electron bunch profiles along the bunch train, their correlation 
with accelerator parameters, and will contribute to an improved performance of the FEL. After my experimental 
work was over, a precise single-shot measurement of the electron bunch profile was obtained by the FELIX 
team. The following parts of this chapter will briefly describe the method and some experimental results [5].
8.3 Single-shot electron bunch measurements
The new method is based on the solid ground of our previous electro-optical sampling technique to 
sense the Coulomb field travelling with the electron bunch using an electro-optical crystal [4]. Instead of using a 
synchronised ultra-short Ti:Sapphire laser pulse to scan the electron bunch profile rapidly in the time domain, the 
new method employs a chirped laser pulse to encode the longitudinal electron-bunch shape electro-optically on 
to its spectrum. The birefringence induced by the passing electron bunch is probed by monitoring the change of 
polarisation of the wavelength components of the chirped, synchronised Ti:Sapphire laser pulse. The electron- 
bunch length is determined by analysing individual laser-pulse spectra obtained with and without the presence of 
an electron bunch. Since the length of the chirped laser pulse can be easily changed, the electron bunch can be 
visualised on different time scales. This single-shot imaging technique is a promising method for real-time 
electron-bunch diagnostics.
Figure 8-1 shows the experimental setup used for the single-shot measurements of the relativistic 
electron pulses, which is produced by the rf linear accelerator at the FELIX FEL facility. The electron beam has 
energy of 46 MeV and its charge per bunch is around 200 pC. The repetition rate of micropulse is 25 MHz, while 
the macropulse is about 8 (is long and repeats at a rate of 1 KHz. The Ti:Sapphire laser amplifier producing 30 
fs FWHM pulses at 800 nm with a repetition rate of 1 KHz is used as a probe beam. The 30 fs Ti:Sapphire laser 
pulses are chirped to up to 20 ps FWHM duration , using an optical stretcher which consists of a grating, a lens 
and a plane mirror. The electron bunch is measured at the same position as described in chapter 7. The incoming 
chirped laser is linearly polarised, the outgoing chirped laser is then split into two beams: a signal beam analysed 
by a second crossed polarizer and a reference beam used for monitoring possible fluctuation of the laser power. 
The spectra of the chirped laser pulses are dispersed with a grating spectrometer and then detected by a CCD 
camera equipped with a intensifier, which acts as a nanosecond shutter with a gating period of 100 ns. The 
electron pulse, Ti:Sapphire pulse and the gate of the CCD camera are all synchronised, therefore only one 
chirped laser pulse can be recorded at the CCD camera at a time (within one macropulse).
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F igu re 8-1 . E xperim en tal se t-u p  f o r  elec tron  bunch length  m easurem ents b y  e lec tro -o p tic  sam plin g  w ith ch irp ed  
op tica l pu lses. The elec tron  bunch length is m easu red  b y  using a  ZnTe cry s ta l p la c e d  in side th e vacuum  p ip e  a t  
the en trance o f  the undulator. The in set (a ) exh ib its a  s im p lified  tw o -d im en sio n a l sch em atic  o f  the o p tica l  
stretcher. The len s a n d  f la t  m irror are  m ounted on a  lin ea r  tran sla tion  s ta g e  (n o t show n). The fo c a l  length f  o f  
the lens is 2 0 0  mm.
8.4 Preliminary results
Figure 8-2 shows measurements of the chirped laser pulse spectra with and without a co-propagating 
electron bunch. The signal spectra are labelled by S and S’, respectively. The strong change of the spectrum 
shown in S is attributed to the wavelength dependent change in polarisation of the chirped laser pulse due to the 
electric field of the electron bunch. The length and shape of the electron bunch is obtained by subtracting the 
spectrum without temporal overlap between and electron bunch and the chirped laser pulse. All signals have 
been corrected for the laser power fluctuation by using the reference spectra signal of the laser.
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F ig u r e  8 - 2  Single-shot measurements of the electric field o f individual electron bunch, (a) Raw data, single-shot 
chirped laser pulse spectra S and S ‘. The large peak (thin solid line) is detected when the electron bunch and the 
chirped laser pulse overlap in time. The bold solid line indicates the spectrum that is measured when the laser 
pulse is 50 ps earlier than the electron bunch, (b) Electron bunch length and shape obtained from the spectra as 
displayed in (a). The electron bunch width is (1.72+0.05) ps (FWHM). The leading edge of the electron bunch is 
to the right. The shaded areas indicate the regions of increased noise introduced by the subtraction of the 
spectra and corrections for laser power fluctuations and wavelength dependent variations in intensity of the 
spectrum.
The temporal overlap between the electron bunch and the chirped laser pulse is controlled by an 
electronic delay. By shifting the synchronised chirped laser pulse with respect to the electron bunch in time, one 
can measure the electric field as well as its wake fields (see Figure 8-3). The time resolution of the single shot 
measurement is determined by the chirp and the bandwidth of the probing laser pulse, the distance between the 
electron beam and the probe beam at the electro-optical crystal, and the resolution of the spectrometer. By using 
a high resolution spectrometer and an ultra-short (5 fs) Ti:Sapphire laser, it is possible to achieve a time
8 - 6
resolution of 70 fs, which is mainly limited by the shortest distance (here is 1 mm in the experimental 
configuration) acceptable between the electron beam and the probing laser beam.
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Figure 8-3 Single-shot Wakefield measurements over several tens of picoseconds are performed by choosing a 
chirp of 18.65 ps F W H M  and shifting the synchronised chirped laser pulse with respect to the electron bunch in 
time. Experimental conditions: (a) Measurements start with electron bunch visible in the time window at 0 ps. 
(b) The laser pulse has been shifted by 15 ps. Laser pulse and electron bunch now overlap in the centre of the 
time window, (c) Laser pulse shifted again by 15 ps. The signal following the electron bunch is attributed to 
wakefields excited by the electron bunch in the beam pipe.
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Appendix 1. FEL tables
===================================EXISTING;
FELs X,(pm) <*z E(MeV) 1(A) N o^(cm) K(rms) Acc., Type & 
[Ref.]
ANL (APSFEL) 0.385 0.65ps 354 184 648 3.3 2.2 RF S[40]
Beijing (IHEP) 10 4ps 30 14 50 3 1 RF 0[14]
BNL (ATF) 0.5 6ps 50 100 70 0.88 0.4 RF 0[24]
BNL (HGHG) 5.3 6ps 40 120 60 3.3 1.44 RF A[16]
Bruyeres (ELSA) 20 30ps 18 100 30 3 0.8 RF 0[7]
Darmstadt (IR-FEL) 6~8 2ps 25-50 2.7 80 3.2 1 RF 0[15]
Dartmouth (FEL) 200 C W 0.04 0.001 50 300 - SP 0[2]
DESY (TTF1) 0.109 0.5ps 233 300 492 2.73 1.17 RF S[42]
Dortmund (FELICITAI) 0.47 50ps 450 90 17 25 2 SR 0[25]
Duke (Marklll) 3 3ps 44 20 47 2.3 1 RF 0[19]
Duke (OK-4) 0.1947 1.6ps 800 35 2x33 10 0-4 SR O[30]
Himeji (LEENA) 65-75 lOps 5.4 10 50 1.6 0.5 RF 0[3]
Italy (ELETTRA) 0.2-0.4 28ps 1000 150 2x19 10 4.2 SR 0[38]
Korea (KAERI-FEL) 97-150 25ps 6.5 0.5 80 2.5 1.6 RF 0[47]
LANL (RAFEL) 15.5 15ps 17 300 200 2 0.9 RF O[10]
Maryland (MIRFEL) 12-21 5ps 9-14 100 73 1.4 0.2 RF 0[13]
Nieuwegein (FELIX) 4-200 lps 50 50 38 6.5 1.8 RF Of 18]
* Reference location: http://www.phvsics.nps.navv.mil/tablel.pdf and http://sbfel3.ucsb.edu/www/fel table.html.
Al-1
FELs 7.(pm) <*z E(MeV) 1(A) N A<)(cm) K(rms) Acc., Type & 
[Ref.]
Okazaki (UVSOR) 0.24 6ps 607 10 2x9 11 2 SR 0[28]
Orsay (CLIO) 3-53 0.1~3ps 21-50 80 38 5 1.4 RF 0[22]
Orsay (Super-ACO) 0.3-0.6 15ps 800 0.1 2x10 13 4.5 SR 0[26]
Osaka (FELI1) 5.5 lOps 33.2 42 58 3.4 1 RF 0[17]
Osaka (FELI2) 1.88 lOps ' 68 42 78 3.8 1 RF 0[17]
Osaka (FELD) 0.3-0.7 5ps 155 60 67 4 1.4 RF 0[27]
Osaka (FELI4) 18-40 lOps 33 40 30 8 1.3-1.7 RF 0[8]
Osaka (ILE/ILT) 47 3ps 8 50 50 2 0.5 RF 0[4]
Osaka (ISIR) 40 30ps 17 50 32 6 1 RF 0[5]
Stanford (FIREFLY) 15-65 l~5ps 15-32 14 25 6 1 RF 0[11]
Stanford (SCAFEL) 3-13 0.5~12ps 22-45 10 72 3.1 0.8 RF 0[21]
TJNAF (FEL) 1-6 0.4ps 48 60 41 2.7 0.9 RF O[20]
Tokai (JAERI-FEL) 22 5ps 16.5 100 52 3.3 0.7 RF 0[6]
Tokyo(FEL-SUT) 5-16 2.5ps 32 0.2 40 3.2 0.7-2.5 RF 0[48]
Tsukuba(NIJI-IV) 0.2-0.6 160ps 310 5 2x42 7.2 2 SR 0[29]
UCLA-Kurchatov 16 3ps 13.5 80 40 1.5 1 RF A[9]
UCLA-Kurchatov-LANL 12 5ps 18 170 100 2 0.7 RF A[12]
UCSB(FIR FEL) 60 25 ps 6 2 150 2 0.1 EA 0[1]
UCSB(mm FEL) 340 25 ps 6 2 42 7.1 0.7 EA 0[1]
Vanderbilt(FELI) 2.0-9.8 0.7ps 43 50 52 2.3 1 RF 0[23]
Al-2
FELs A-(|im) Gz E(MeV) 1(A) N Mem) K(rms) Acc., Type & 
[Ref.]
ANL(APSFEL) 0.12 lps 440 150 864 3.3 3.1 RF S[40]
BNL(DUVFEL) 0.1 6ps 230 1000 256 2.89 1.2 RF A[39]
DESY(TESLA) 0.0001 0.08ps 35000 5000 1200 5 4.2 RF S[46]
DESY(TTF2) 0.006 0.17ps 1000 2500 981 2.73 0.9 RF S[44]
Duke(VUV) 0.01-1 lps 1000 50 4x32 12 3 SR 0[43]
Florida(CREOL) 355 8ps 1.3 0.13 185 0.8 0.1 EA 0[31]
Frascati(COSA) 0.08 lOps 215 200 400 1.4 1 RF 0[41]
Harima(SUBARU) 0.2-10 26ps 1500 50 33,65 16,32 8 SR 0[37]
Moscow(Lebedev) 100 20ps 30 0.25 35 3.2 0.8 M A 0[34]
Netherlands(TEUFEL) 180 20ps 6 350 50 2.5 1 RF 0[32]
Novosibirsk(RTM) 2-11 20ps 98 100 4x36 9 1.6 RF 0[35]
Rocketdyne/Hawaii(FEL) 0.3-3 2ps 100 500 84 2.4 1.2 RF 0[36]
Rutgers(IRFEL) 140 25ps 38 1.4 50 20 1 M A 0[33]
SLAC(LCLS) 0.00015 0.07ps 14350 3400 3328 3 3.7 RF S[45]
TJNAF(UVFEL) 0.16-1 0.2ps 160 270 72 3.3 1.3 RF O[20]
RF RF Linac Acceleration O FEL Oscillator
SR Electron Storage Ring S SASE FEL
SP Smith-Purcell Oscillator A FEL Amplifier
MA Microtron Accelerator
EA Electrostatic Accelerator
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